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ABSTRACT 
Biofilters are designed to remove pollutants from stormwater run-off, and are subjected 
to wet and dry phases.  However, the current knowledge of pollutants removal is 
attributed to the wet-phase (during rainfall) only. Extending current models that are 
based on wet-phase analysis to incorporate dry-phase processes will enhance their 
prediction capabilities. Five experimental biofilter columns (94 mm internal diameter) 
were packed with filter material to 1 m depth. Events comprised feeding (0.9 m/h) of 
columns with simulated stormwater for 3 hours while also varying antecedent dry days 
(ADD – number of days between events) between 0 – 56 days. Samples were collected 
from outflow at different times (2 – 150 minutes) and tested for ammonium-nitrogen, 
nitrate-nitrogen, nitrite-nitrogen, total nitrogen, total organic carbon, total phosphates 
and turbidity.  Experiments revealed two phases of pollutant removal in biofilters:  Phase 
I – over the initial 30 minutes of every event resulting from processes affecting water 
retained in the filter during the dry-phase, and phase II – with age of filter due to 
stabilisation of filter material. Initial events with tap water showed that intermittent 
wetting and drying caused flush of filter material (size <10 μm) with increased total 
organic carbon (25 – 200 mg/L) and turbidity (40 – 1000 NTU) during phase I stabilisation, 
depending on ADD and age of filter.  In later events, columns were fed with simulated 
stormwater prepared by adding NH4NO3 and C2H5NO2 and a mixture of kaolinite and 
montmorillonite clay to tap water. Events with simulated stormwater showed that 
removal of nitrate-nitrogen and ammonium-nitrogen varied between 50 – 100% and 
100% during the dry-phase and 0 – 10% and 10 – 50% in the wet-phase, respectively.  The 
higher nitrogen removal in dry-phase indicated significant influence of previous events 
on the performance of the current event.  Suspended solids were retained (90 – 100%) 
during the wet-phase due to filtration. Re-entrainment of cake-filtered solids and 
deposition in deeper layers at the beginning of each event prevented surface clogging in 
subsequent events.  Solids removal occurred in wet-phase although intermittent wetting 
and drying prolonged the life-span of filters.  This study based on dynamic nature of 
pollutant removal under intermittent wetting and drying established the significance of 
a paradigm shift from the current approach towards an innovative way of performance 
analysis of biofilters. 
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ms  Mass of solids 
NH4-N  Ammonium-nitrogen 
NO2-N  Nitrite-nitrogen 
NO3-N  Nitrate-nitrogen 
ON  Organic nitrogen 
PCA  Principal Components Analysis 
PSD  Particle size distribution 
Q  flow rate 
TKN  Total Kjeldhal nitrogen 
TN  Total nitrogen 
TOC  Total organic carbon 
TSS  Total suspended solids 
TU  Turbidity 
W  Coefficient of volume of water retained 
WSUD  Water Sensitive Urban Design 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Background 
Urbanisation contributes to deterioration of quality of stormwater runoff and 
thereby impact receiving aquatic environments (Davis, 2007; Laurenson et al., 2013; 
Walsh, 2000). Paved surfaces including roads, pedestrian walkways, driveways and 
roofs increase surface runoff during storm events due to their imperviousness and 
thereby restricting infiltration into the soil and recharge groundwater aquifers (Ellis 
and Revitt, 2008; Ferguson and Suckling, 1990). Additionally, paved surfaces and 
pervious areas including lawns, act as a platform for pollutant build-up. Accumulated 
pollutants are then washed off during rainfall events and transported eventually by 
stormwater runoff, to receiving aquatic environments (Goonetilleke et al., 2005; 
Graves et al., 2004; King et al., 2007). The concept of Water Sensitive Urban Design 
(WSUD) is implemented across Australia, to mitigate stormwater quantity and quality 
impacts of urbanisation on water resources and to retain characteristics of the 
catchment similar to that of pre-development stage. Stormwater biofilters are a 
structural element of WSUD among other structures such as gross pollutant traps, 
sedimentation basins, bioswales, sand filters and wetlands. Removal of pollutants in 
stormwater biofilters is influenced by hydraulic processes and pollutant removal 
processes (Davis, 2007; Lucas and Medina, Undated). Current understanding of 
stormwater biofilter processes in relation to treatment of stormwater pollutants is 
inadequate and limits modification of design to exploit their full potential (Dietz and 
Clausen, 2005, 2006; Hatt et al., 2009). 
Studies to date have mostly been performed on laboratory-scale stormwater 
biofilters that were operated under either continuous or extended feeding (irrigating 
the columns). The performance of stormwater biofilters in field-scale installations are 
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not well characterised because currently, they are not monitored (Taylor and Eadie, 
2006). Furthermore, past studies on stormwater biofilters have focussed primarily on 
stormwater pollutant removal based on event-mean pollutants concentrations in the 
inflow and outflow streams (average over an event) of the system during the same 
rainfall event (Davis, 2007; Davis, 2008; Dietz and Clausen, 2005; Dussaillant et al., 
Undated; He and Davis, 2011; Heasom et al., 2006; Hsieh and Davis, 2005a; Hsieh et 
al., 2007a). Figure 1.1 shows four discrete rainfall events, and conventional 
performance analysis of pollutant removal in the system was carried out based on 
Equation 1.1 where x and y are event mean inflow and outflow concentrations of a 
particular pollutant, respectively. These studies have therefore, attributed any 
pollutant removal to the wet-phase of the event alone (during the rainfall).  
 
Figure 1.1: Schematic diagram of four consecutive discrete events in a stormwater biofilter 
𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 (𝑖𝑡ℎ𝑒𝑣𝑒𝑛𝑡) =
𝑋𝑖 − 𝑌𝑖
𝑋𝑖
× 100 
Equation 1.1 
The pollutant removal efficiencies of stormwater biofilters during the dry-phase of 
an event (in between rainfall events), has largely been ignored to date. Even the 
moisture levels of the filter during the dry-phase, which is a basic indicator of possible 
pollutant removal processes, has not been studied in detail. Developing a better 
understanding of the dynamics of stormwater biofilters under intermittent wetting 
and drying that incorporates knowledge of performance during dry-phase in 
prediction models can assist design stormwater biofilters with enhanced pollutant 
removal.  
X1 
Y1 
EN1 
X2 
Y2 
EN2 
X3 
Y3 
EN3 
X4 
Y4 
EN4 
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1.2 Research Problem 
Stormwater biofilters have become an important stormwater treatment system in 
urban developments, and are implemented at high cost. Designing better performing 
systems require designing tools that are capable of incorporating unique properties 
of the systems. Designing tools that are currently available including MUSIC, 
RECARGA and RECHARGE, focus mostly on the quantitative management of 
stormwater runoff, rather than qualitative management of the same. Improving the 
performance of stormwater biofilters in order to enhance removal of pollutants from 
stormwater runoff will require knowledge about the dynamics of pollutant removal 
related to unique properties of the system. One of the unique property of the system 
is that the system operates under intermittent wetting and drying conditions. 
Pollutant removal processes (e.g. adsorption, desorption, filtration and biological 
decomposition) are therefore required to be analysed in both wet- and dry-phases. 
Currently, both laboratory- and field-scale studies assume that pollutant removal 
occurs during the wet-phase of the event and any potential contributions during the 
dry-phase of an event has been largely ignored and hence, rarely incorporated in 
simulation models and associated software tools.  
The current project was designed to answer the following research questions:  
o What are the factors that are crucial in pollutant removal in stormwater 
biofilters, and how are they affected during intermittent wetting and drying?  
o How does the moisture level vary in the filter during the dry-phase and their 
significance? 
o What is the significance of intermittent wetting and drying on pollutant 
removal dynamics? 
o What is the contribution of dry-phase pollutant removal in wet-phase 
pollutant removal analysis? 
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1.3 Research Hypothesis 
• The dry-phase of events in stormwater biofilters (the period between two 
consecutive rainfall events) makes a significant contribution to pollutant removal in 
addition to the contribution from wet-phase of events. Pollutant removal processes, 
especially processes that depend on microorganisms are affected by alternating 
moisture in the filter layer due to spontaneous wetting and drying.  
• Intermittent wetting and drying, destabilizes the filter of stormwater biofilters 
that eventually effect a period of stabilization at the beginning of each event. The 
stabilization process occurs due to wash off of filter material that in turn affects the 
quality of outflow.  
• Quality of outflow from the system is more dynamic (varying with time) as 
opposed to the assumption in conventional event-mean analysis. Contributions from 
dry-phase pollutant removal processes, and the contribution from the process of 
stabilization of filter material, are instrumental in the dynamic behaviour of pollutant 
removal performance of stormwater biofilters.   
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1.4 Aim and Objectives 
The objectives of this research study include: 
o Identify the factors that are crucial in pollutant removal in stormwater 
biofilters; 
o Understand the dynamics and quantify soil moisture level in the filter during 
the dry-phase; 
o Understand the impact of intermittent wetting and drying on the 
performance of stormwater biofilters; 
o Understand the impact and contribution of dry-phase pollutant removal on 
wet-phase pollutant removal performance of the system. 
The aim of this research study was to investigate the dynamics of pollutant removal 
in biofilters, under intermittent wetting and drying (alternating dry- and wet-phases) 
and identify a direction for future research on performance analysis of stormwater 
biofilters.  
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1.5 Project Description 
The study consisted of the following principal phases: 
1.5.1 Review of literature 
Current literature on biofilters was reviewed in order to identify primary processes 
and factors that influence removal of pollutants in biofilters. Review of relevant 
literature was extended to understand the impact of intermittent wetting and drying 
phases on the processes and factors identified. Choice of pollutants to be 
investigated in the study was based on a review of the literature. Experimental 
procedures employed in past studies were also reviewed to design experiments for 
the current study.  
 
1.5.2 Development of laboratory-scale biofilter columns  
Laboratory-scale stormwater biofilter columns were designed based on general 
guidelines for the construction of stormwater biofilters and based on past laboratory-
scale studies. Columns were fabricated from PerspexTM tubes in the workshop. Filter 
packing material was obtained from an industrial supplier, and columns were packed 
according to industrial guidelines. 
 
1.5.3 Design of experiments 
The objective of the laboratory-scale experiments was to provide a controlled 
environment, where impact of each variable on pollutant removal could be assessed 
while other factors were held constant. Biofilter columns were therefore fed with 
simulated stormwater prepared in the laboratory. Relationships between factors that 
influence processes in stormwater biofilters and pollutant removal performance in 
the system were understood by monitoring the quality of outflow from experimental 
stormwater biofilters over time.  
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Initially two experiments were carried out to monitor the dynamics of the 
stormwater biofilter material under intermittent wetting and drying, using tapwater 
alone. Data from this study were later analysed and compared with subsequent 
experiments that were fed with simulated stormwater, to understand the efficiency 
of pollutant removal from stormwater runoff.  
The goal of this study was to investigate the impact of intermittent wet- and dry-
phases on pollutant removal dynamics. The following two factors were varied in the 
experiments: 
1. Antecedent Dry Days (ADD) – number of dry days in between two 
consecutive rainfall events; 
2. Inflow concentration of pollutants – strength of simulated stormwater feed 
to the columns. 
 
1.5.4 Data analysis 
Graphical and statistical tools were used to analyse the data to identify patterns and 
correlations between variables that affected the dynamic behaviour of pollutant 
removal under intermittent wetting and drying. Prediction models based on linear 
and non-linear regressions were also developed to better represent trends identified 
in the experiments.  
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1.6 Scope 
This study analysed the impact of an important variable (Antecedent Dry Days – ADD) 
on pollutant removal in experimental stormwater biofilters, a variable that has 
received little attention in the past. The scope of the study therefore was as follows:  
o  Due to the nature of the study, where controlled environments are required, 
laboratory-scale stormwater biofilters were employed.  
o Since the focus of this study was on analysing the impact of ADD on pollutant 
removal, two pollutants were selected for analysis. While nitrogen and 
suspended solids are both important stormwater pollutants, removal 
processes that transform or remove these pollutants are known to be very 
different. While nitrogen species are largely removed through biologically 
assisted processes, removal of suspended solids depends more on physical 
processes. In addition, removal of different species of nitrogen (ammonium-
nitrogen and nitrate-nitrogen) requires discrete environmental conditions. 
Nitrogen species and suspended solids were therefore selected for analysis 
here because the dynamics of both biological and physical processes under 
intermittent wetting and drying could be examined. 
o Simulated stormwater and tapwater were used as feed for the columns, 
where the composition of simulated stormwater was prepared according to 
published studies. Only the selected pollutants were added to tapwater to 
prepare simulated stormwater. Any potential interactions between other 
stormwater pollutants are therefore beyond the scope of the current study. 
o Columns were operated at a constant rainfall intensity that was equivalent to 
a 3 month ARI (Average Recurrence Interval) for Southeast Queensland. 
Dynamics of pollutant removal under varying rainfall intensity was beyond the 
scope of the study. 
o Total organic carbon was also analysed in this study because it contributes 
significantly to nitrate-nitrogen removal and is a substrate for 
microorganisms. Variation in supply of organic carbon from stormwater 
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however, was not analysed in detail, rather contribution of organic matter to 
organic carbon supply was examined in detail.  
o Phosphate concentration was monitored in outflow only to identify if any 
leaching of phosphates occurred from biofilter material. 
o Nutrient uptake by plants has often been considered not to be a removal 
process, because nutrients return to the system when plants die. Since 
nitrogen was one of the pollutants assessed here, the study was confined to 
analysing the impact of biofilter media alone on pollutant removal in isolation. 
Vegetation effects on biofilter media was not considered here. 
o Performance of experimental stormwater biofilters were assessed under two 
different phases of operation, dry-phase and wet-phase. The transition from 
dry-phase to wet-phase was beyond the scope of the study. 
o After stabilisation of biofilters during each event, filtration media was 
assumed to be saturated following analysis of the water budget during the 
wet-phase.  
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1.7 Significance of the Study  
Incorporation of Water Sensitive Urban Design concepts in urban development is 
becoming increasingly popular. With more stringent regulations on urban water 
quality, enhancement of pollutant removal in WSUD structural measures including 
biofilters becomes an important focus. Costs of construction of efficient biofilters are 
high and require use of sophisticated design tools that can accurately predict 
pollutant removal in such biofilters. Developing a comprehensive understanding of 
the full operational cycle of any biofilter under intermittent wetting and drying 
including their capability for efficient pollutant removal during the dry-phase is 
therefore important. The current project can form the basis for future studies on 
pollutant removal performance of biofilters by focusing on the significance of 
incorporating pollutant removal during the dry-phase of any event together with the 
performance during the wet-phase.  
This study analyses the performance of stormwater biofilters in removing nitrogen 
species and suspended solids from stormwater runoff, under intermittent wetting 
and drying, which is a unique property of the systems. Unlike the conventional 
method of analysing the event-mean concentration of pollutants, this study focuses 
on the dynamic behaviour of aforementioned pollutants. The study highlights the 
contribution of pollutant removal processes during the dry-phase of an event to the 
total performance analysis. The study also identifies phases of stabilisation of the 
filter material that affect the quality of outflow from the system, eventually affecting 
the analysis of the performance of the system.  
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1.8 Outline of Thesis  
The current thesis is presented as eight chapters. Chapter 1 briefly introduces 
stormwater biofilters in the context of stormwater management and develops the 
specific research question. Based on the research problem, a research hypothesis is 
formulated. Aims and objectives are then formulated to evaluate the research 
hypothesis. The section that follows discusses the general outline of the study 
followed by defining the scope of the work. Finally the significance of the study in 
field-scale applications is presented.  
Chapter 2 presents a focussed review of the relevant literature, and discuses 
stormwater quality and quantity management tools. Following an introduction to 
stormwater quality, the review covers pollutant removal in stormwater biofilters with 
regards to processes and factors that influence efficient pollutant removal. This 
section also identifies gaps in current understanding of performance of pollutant 
removal in stormwater biofilters.  
Chapter 3 discusses the experimental methodology used in the study. Design and 
fabrication of laboratory-scale biofilter columns and preparation of simulated 
stormwater are presented, while following sections provide details of the 
experimental runs. Sample collection, transportation, storage, testing and quality 
control are discussed in the next section. Finally, graphical and statistical tools used 
for data analysis and software packages used in the study are presented.  
Chapter 4 analyses the hydraulic processes in biofilter columns. The analyses are 
divided into three sections each discussing hydraulic processes during the dry-phase, 
during progression of the wetting front and during the wet-phase of an event.  
Chapter 5 discusses the process of stabilisation in biofilter columns. The first section 
discusses preliminary stabilisation of filter columns after fresh installation with 
regards to wash off of filter material (analysis of total suspended solids). Sections that 
follow, discuss the phases of stabilisation that occur during the operational cycle of 
the filter, after preliminary stabilisation with relevance to organic carbon, total 
nitrogen and turbidity in outflow. Subsequently phases of stabilisation are defined 
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with statistical significance. Finally, significance of phases of stabilisation in overall 
pollutant removal performance of biofilters is discussed in detail.  
Chapter 6 discusses pollutant removal during the dry- and wet-phases of an event. 
Impact of antecedent dry days (ADD – number of days between consecutive rainfall 
events), event number (EN – age of filter) and inflow concentration of pollutants are 
investigated. The chapter is divided into 5 sections where each section discusses 
dynamics of a specific pollutant (nitrate-nitrogen, ammonium-nitrogen, total 
nitrogen, turbidity and total organic carbon) under intermittent wetting and drying 
periods. Interpretation of graphically represented data and statistical analyses are 
discussed in each section for each pollutant followed by concluding remarks.  
Chapter 7 outlines the primary conclusions from the study in relation to the research 
hypothesis and aims and objective of the study. It also presents recommendations 
for future work to advance understanding. The final chapter includes a bibliography 
of all references used here. Supplementary data used in analyses are provided in 
appendices.                                                                                                                  
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CHAPTER 2  
REVIEW OF LITERATURE 
 
2.1 Introduction 
Water resources are now widely regulated both internationally and locally, due to 
increasing scarcity of fresh and unpolluted water and recognising access to fresh 
water as a basic human right according to the United Nations Resolution 64/292 of 
July/2010 (Bourquain, 2008; United Nations).  
Natural accessible fresh water resources are classified under: 
1. Ground water resources; 
2. Surface water resources. 
Access to freshwater resources are declining due to several reasons including; 
irregularity of seasonal precipitation that results from climate change, unsustainable 
use to meet excessive water demand growth (human population growth and higher 
population densities in urban areas), release of contaminants into water resources 
reducing water quality and decreased potential recharge of water resources (B. G. 
Ridoutt and Pfister, 2010; Rock, 1998). One of the primary targets of the Millennium 
Development Goals of the United Nations is to resolve issues over fresh water 
resources both across national and local boundaries and to increase general 
population that has access to fresh water according to goal 7c (United Nations). This 
goal has been incorporated into many international, national and local policies and 
by many organisations. 
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2.2 Urban Stormwater 
Distorted stormwater runoff characteristics (peak discharge, runoff volume and 
frequency of runoff) and transportation of stormwater pollutants result in depletion 
of available fresh water resources while also impacting aquatic ecosystems (Dunphy, 
2007; Ellis and Revitt, 1982; Ellis and Revitt, 2008; Ferguson and Suckling, 1990; 
Walsh, 2000; Walsh et al., 2009). This is primarily due to restriction of infiltration 
(recharge of groundwater aquifers) and pollutant build up on paved surfaces (Akhter 
and Madany, 1993; Birch and Taylor, 2002; Duh et al., 2008; Elliot and Trowsdale, 
2007; Walsh et al., 2005). Common pollutants in urban stormwater runoff include 
suspended solids, heavy metals, organic carbon, hydrocarbons and nutrients (Aryal 
et al., 2010; King et al., 2007; Owens and Walling, 2002; Shinya et al., 2000). General 
sources of aforementioned pollutants and their impact on water resources are briefly 
outlined below. 
 
Suspended Solids 
Suspended solids reach stormwater from both natural (e.g. atmospheric deposition, 
soil erosion) and anthropogenic sources (e.g. construction activities, waste 
management sites, agricultural activities etc). For example, during construction 
activities, suspended solids in stormwater can rise to levels exceeding 60,000mg/L 
while in the post-development phase can fall back comparatively to very low levels 
(50-500mg/L) (Andral, 1999; Daniel et al., 1979; Duncan, 1999). Size of particles 
transported in suspension during a precipitation event (and hence amount of solids 
transported) will depend on the flow rate (runoff). Higher peak flow rates can 
transport larger particles as well as increased amounts of particles to receiving 
waters. Moreover, location of the area considered with regards to climate and rainfall 
pattern, influences the loading and transportation of solids in the stream flow 
(Dunlop et al., 2008).  
High concentration of suspended solids in waterways obstructs penetration of sun 
light, and thereby restricts photosynthetic process in aquatic plants eventually 
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affecting the supply chain of other aquatic life forms. Increased levels of suspended 
solids in water can also cause water temperature changes that can affect the aquatic 
ecosystem (Bilotta and Brazier, 2008). In addition to aforementioned direct impacts, 
suspended solids in stormwater play a major role in transporting other pollutants 
including hydrocarbons and heavy metals when they are adsorbed to particles 
(Andral, 1999; Dawson and Macklin, 1998; Hoffman et al., 1982; Shinya et al., 2000). 
Furthermore, high concentration of suspended solids causes clogging in drainage 
systems and stormwater treatment systems and substantially reducing treatment 
efficiency (Aryal et al., 2010; Ryan, 2010). Managing the loading of suspended solids 
in water resources from stormwater runoff is of prime importance, and removal of 
solids in stormwater treatment systems are therefore, prioritised.  
 
Organic carbon  
Organic carbon in urban water is comprised of a wide range of material varying from 
light molecular weight substances such as carbohydrates and amino acids to high 
molecular weight material referred to as humic substances (Evans et al., 2005). 
Organic carbon, both in dissolved and particulate forms, originate from partially 
degraded naturally occurring organic matter including debris from plants and animals 
and decomposed organic material (Evans et al., 2005). The degradation process of 
organic material is influenced by the wetting and drying pattern, widely known as the 
‘Birch effect’ (Jarvis et al., 2007b; Unger et al., 2010). Therefore, locality with regards 
to rainfall pattern and season plays a major role in determining the concentration of 
organic carbon in stormwater runoff. While occurrence of organic carbon in water is 
mainly due to partial decomposition of natural organic matter, urbanisation can 
elevate organic carbon concentration due to impacts of anthropogenic activities 
including disposal of food refuse, organic litter and land-fill leachates(Duncan, 1999).  
Organic carbon reduces water quality, primarily by facilitating growth of 
microorganisms. Microorganisms can reduce water quality by depleting dissolved 
oxygen, which in turn will affect existence of other aquatic life forms (Eriksson et al., 
2007; Latimer et al., 1990). In stormwater treatment systems, depletion of dissolved 
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oxygen produces anoxic/anaerobic zones (Rinnan and Baath, 2009). 
Anoxic/anaerobic conditions will in turn affect pollutant removal processes in 
biofilters (Bratieres et al., 2008a; Browne et al., 2007). Furthermore, organic carbon 
in water runoff transports heavy metals by adsorbing them to particle surfaces that 
can be lethal to aquatic life forms (Lawlor and Tipping, 2003). In addition, organic 
carbon in water adsorbs light and can also affect nutrient and energy supply in 
aquatic ecosystems (Wetzel, 1992; Zafiriou et al., 1984). Organic carbon is therefore, 
classified as a pollutant that required to be managed in water resources.  
 
Nutrients 
Compounds of phosphorus (P), nitrogen (N), carbon (C) and sulphur (S) are important 
biological nutrients. Phosphorus and nitrogen are considered to be the most 
important nutrients in terms of their potential impacts on receiving waters. Unlike 
other forms of pollutants, nutrients are essential to aquatic ecosystems (Aryal et al., 
2010). When present however in abundance, they play primary roles in 
eutrophication (causing algal blooms), that in turn utilise available dissolved oxygen, 
leading to oxygen depletion in water. In addition, algal growth on the surface of 
waters can restrict penetration of sunlight that is a fundamental source of energy for 
aquatic ecosystems.   
Phosphorus is found in both organic (for example: phospholipids, phosphoproteins 
and phytin) and inorganic (for example: phosphates, orthophosphates and 
polyphosphates) forms. Unlike other nutrients, phosphorous seldom exists in a 
gaseous form (Correll, 1999). To complete natural cycles of elements, they need to 
be transformed into different states that include solid, gas and liquid states. Due to 
the limitation of transformation into gaseous form, phosphorous is involved in only 
slow transformation in the environment (Roy-Poirier et al., 2010). This in turn leads 
to accumulation of phosphorus in liquid or solid states. Phosphorous loading in 
receiving waters therefore, needs to be managed.  
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Similarly, nitrogen is also found in organic and inorganic forms. The more common 
compounds of nitrogen that impact water quality are organic nitrogen, nitrate-
nitrogen (NO3--N), nitrite-nitrogen (NO2--N) and ammonium-nitrogen (NH4+-N). 
Unlike phosphorous, the natural cycle of nitrogen is comparatively active as nitrogen 
transformation into different forms is rapid. Nitrogen however, is very abundant in 
the environment, when compared with phosphorus. Therefore, levels of nitrogen in 
waters need to be managed.  
The major anthropogenic sources of nutrients in urban stormwater include; litter, 
detergents, fertilisers, and leakage from septic tanks, vehicle fuel and sewer systems 
(Ice, 2004; Kim, 2009). Additionally, nutrients reach stormwater from natural sources 
as well, climatic phenomena, soils and plant debris (Dietz and Clausen, 2005; Hunt et 
al., 2006). 
 
Heavy metals  
Past studies confirm that concentrations of heavy metals in stormwater depend on 
both the natural environment and type and intensity of anthropogenic activities in 
the environment including traffic and industrial activities (Aryal et al., 2010; Bakri et 
al., 2008; Ball and Jenks, 1998; Charlesworth et al., 2003). Heavy metals are major 
threat to ecosystems because they accumulate biologically and therefore can cause 
serious impacts on the health of aquatic environments. Eventually, bioaccumulation 
of these metals will affect most life forms in food chain (Aryal et al., 2010; Fergusson 
et al., 1980).  
While heavy metals originate from industrial and traffic zones, they are mainly 
transported to water resources by solids and organic carbon after being adsorbed to 
particle surfaces in suspended solids and organic carbon that are transported via 
stormwater runoff (Harrop et al., 1990; Hoffman et al., 1982; Huang et al., 1977; 
Mason et al., 1999; Sartor et al., 1974; Shinya et al., 2000).  
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Hydrocarbons 
Hydrocarbons are any organic compound that essentially consist of hydrogen and 
carbon molecules, for example, fuel oil and polycyclic aromatic hydrocarbons (PAHs) 
(Gnecco et al., 2005; Graves et al., 2004; Hoffman et al., 1982; Menzie et al., 2002). 
Hydrocarbons in stormwater originate from leakage from automobiles, waste, 
combustion sources, and wastewater effluent (Han et al., 2006; Hunter et al., 1979; 
MacKenzie and Hunter, 1979; Menzie et al., 2002; Mohr, 1995; Wakeham, 1977). 
Hydrocarbons are also adsorbed to suspended solids, and are transported to 
receiving waters (Menzie et al., 2002). They are persistent in the environment and 
can be highly toxic to aquatic ecosystems, therefore, hydrocarbons also need to be 
managed in aquatic environments (Brown and Peake, 2006). 
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2.3 Stormwater Management – Water Sensitive Urban 
Design (WSUD) 
The concept of Water Sensitive Urban Design (WSUD) is developed for quantitative 
and qualitative stormwater management, which is similar in principle to concepts 
implemented in other countries, such as Low Impact Development (USA) (Dietz, 
2007; USEPA, Undated) and Best Management Practices (Europe and USA) (Sieker 
and Klein, 1998; Villarreal and Bengtsson, 2004). WSUD incorporates various 
objectives in the field of water management including, 1) designing institutional 
structures, 2) long term planning, 3) reducing potable water demand, 4) improving 
aesthetics of the environment, of which management of urban stormwater runoff is 
vital and is now widely practiced (Joint Steering Committee for Water Sensitive Cities, 
2009). The primary objective of WSUD is to restore hydrologic and water quality 
conditions of a developed site, similar to those conditions that were present pre-
development. This is generally attained by, 1) detaining stormwater runoff, 2) storing, 
3) removing pollutants and 4) eventually disposing to surface water resources, 
reusing or allowing infiltration into groundwater sources (Wong et al., 2002). Several 
types of structural elements are commonly used to manage the quality and quantity 
of stormwater runoff including, gross pollutant traps (GPTs), infiltration systems, 
bioswales, sedimentation basins, sand filters, stormwater biofilters (bioretention 
basins) and constructed wetlands (Dunphy, 2007; Henderson, 2008).  
 
Gross pollutant traps (GPTs)  
Gross pollutant traps (refer to Figure 2.1) are constructed to prevent large particular 
litter from entering waterways or stormwater treatment systems. Pollutant retention 
mechanism in GPTs is a simple mechanical screening process that seldom requires 
research and design tools for enhancement of performance. As with filtration 
systems, clogging is a common problem in GPTs, and therefore they also need 
frequent maintenance (Allison and Pessaniti, 2006). However, they play an important 
role by preventing larger particle reaching subsequent treatment systems (discussed 
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below) that employ suit of complex pollutant removal processes. GPTs are therefore, 
an important element of WSUD. 
 
Infiltration systems 
 
Infiltration systems (refer to Figure 2.2) are primarily designed for quantitative 
management of stormwater runoff rather than pollutant removal as the primary 
focus. The main objective of infiltration systems is to facilitate groundwater 
replenishment, which is an important element of the hydrologic cycle of any 
catchment.  There are several structures grouped under infiltration systems, such as 
porous pavements and swales (Dunphy, 2007). Although replenishment of 
groundwater resources by facilitating natural infiltration process in urban catchment 
is a priority, transportation of pollutants from the surface to ground water is a crucial 
factor. Remedial measures to remove pollutants from groundwater is particularly 
difficult and therefore, choice of infiltration system depends on the quality of 
Figure 2.1: Gross pollutant traps (end of pipe) 
(Waterways Management Specialists) 
Figure 2.2: Porous Pavement 
(CETCO Contractor Services) 
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stormwater runoff of the catchment that pollutants are not transported to 
groundwater aquifers (Dunphy, 2007). 
 
Bioswales  
Bioswales (refer to Figure 2.3) are also known as biological filtration canals (Yocum, 
Undated). Unlike infiltration systems, bioswales contribute to sedimentation and 
filtration of pollutants primarily by slowing down the flow of runoff from obstruction 
by vegetation (Grenz, 2007). There are several types of bioswales, including, grass 
swales, vegetated swales, street swales (Grenz, 2007). Although bioswales remove 
pollutants in addition to quantitative management of stormwater, their efficiency of 
pollutant removal are not extensively studies. The major drawback of bioswales 
therefore, is potential for contamination of groundwater.  
 
Sedimentation basins 
Sedimentation basins (refer to Figure 2.4) are constructed primarily to remove coarse 
solids particles (that were not screened by GPTs) from stormwater by reducing runoff 
velocity (Gold Coast City Council, 2003; South East Queensland Healthy Waterways, 
2010). Sedimentation basins are therefore, capable of removing pollutants that exist 
in particulate form such as suspended solids and the pollutants that are adsorbed to 
those particulates. Hence, they are typically used as preliminary management system 
that regulate water flow and pollutant load to subsequent treatment systems, such 
Figure 2.3: Bioswale 
(Neave Stormwater, 2012) 
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as wetlands and stormwater biofilters (Department of Planning and Local 
Government, 2010).  
 
 
Sand filters 
Sand filters (refer to Figure 2.5) remove pollutants in stormwater primarily through 
the process of filtration (Urbonas, 1999).  
 
The major disadvantage of sand filters is clogging, due to retention of fines in the 
filter layer and therefore requires frequent maintenance. However, depending on the 
hydraulic retention time of the system, sand filters can facilitate growth of 
microorganisms and thereby remove pollutants that are biologically degradable. 
There are two types of sand filters, referred to as, surface sand filters and 
underground sand filters, of which, underground sand filters are commonly used for 
stormwater treatment (Claytor and Schueler, 1996).  
Figure 2.5: Sand Filter 
(Sandy City Council, 2011) 
Figure 2.4: Sedimentation basin 
(Milwaukee City Council) 
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Stormwater biofilters (bioretention basins) 
The filtration compartment of bioretention basins are referred here to biofilters.  
Stormwater biofilters are also a structural element of WSUD, often implemented in 
urban environment. Details of stormwater biofilters, and factors and processes that 
affect pollutant removal in the filter of stormwater biofilters are discussed in detail 
in the next section (2.2). 
 
Wetlands 
Wetlands (refer to Figure 2.6) contain an inlet zone which generally consists of a 
sediment basin; a macrophyte zone, which is a shallow and heavily vegetated area 
that removes fine particulates and allows plants to uptake soluble pollutants; and a 
bypass channel (Dunphy, 2007). Wetlands are designed to treat polluted stormwater 
through several processes, such as, phytoremediation, biological processes, 
retention due to sorption and chemical degradation (Aryal et al., 2010; Butler and 
Parkinson, 1998). However, wetlands require a large area to attain the optimum 
hydraulic retention time for removal of pollutants. Therefore, installation of wetlands 
are accompanied by other treatment systems such as stormwater biofilters and 
swales (Dunphy et al., 2005).  
  
Figure 2.6: Wetland 
(Toronto City Council, 2005) 
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2.4 Stormwater Biofilters 
Stormwater biofilters, also known as rain gardens, are a structural element of Water 
Sensitive Urban Design. Like other structural elements of WSUD, stormwater 
biofilters are also designed as a solution for qualitative and quantitative management 
of stormwater runoff, particularly in urban environments (Sharkey, 2006). Several 
processes are fundamental in removing pollutants from infiltrating stormwater 
runoff in stormwater biofilters and several factors affect the efficiency of these 
processes in removing pollutants, some of which are unique to stormwater biofilters.  
A stormwater biofilter primarily consists of a water collection (ponding) zone, a filter 
zone and a drainage zone. Some stormwater biofilters are further modified however, 
to include vegetation planted on top of the system to enhance pollutant removal 
through an additional mechanism known as phyto-remediation. It is important for 
biofilters to contain a carbon source that is generally mixed with the filter material to 
about 3 – 10% by weight. In other systems, especially in vegetated systems, an 
organic layer (primarily of mulch or a compost layer and wood chips) is laid on top of 
the filter layer to both support vegetation and as a source of organic carbon.  
Figure 2.7 shows a schematic diagram of a model stormwater biofilter. The filter layer 
(biofilter) that contributes to removal of pollutants, consists of sand of a 
predetermined grain size, in order to attain a hydraulic conductivity of 50 – 500 
mm/h. The filter layer is typically laid to a depth of 0.8 – 0.9 m, with material having 
a grain size less than 1 mm. The aforementioned filter material is mixed with organic 
material to provide organic carbon to facilitate pollutant removal processes, which is 
discussed in detail later in this chapter. Stormwater runoff is allowed to percolate 
through the filter zone, where pollutants transported by stormwater are retained, 
transformed or removed. Stormwater biofilters are generally surrounded by less 
permeable native soil and in other cases the system is carpeted with geofabric. In 
both circumstances, exfiltration of percolating stormwater into the surrounding soils 
is restricted and in turn facilitates a vertically oriented infiltration process. Percolated 
stormwater is allowed to collect in the drainage zone that is comprised of gravel 
material and packed to a depth of approximately 0.2 – 0.3 m. Grain size of gravel 
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material varies from 2 – 5 mm. In order to control wash off of fines from the filter 
zone, a transition zone is laid in between the filter and drainage layers. The transition 
layer is comprised of material with a grain size varying between 1 – 2 mm.  
 
Stormwater biofilters can be categorised basically into two types. The first type 
allows treated stormwater to infiltrate into the ground while the second type 
transfers treated stormwater to secondary treatment systems such as wetlands for 
further treatment (Davis et al., 2010; Hogan and Walbridge, 2007; Li et al., 2009).  
Total area of a stormwater biofilter is approximately 2 to 4 % of the total catchment 
area and therefore, rapid infiltration through the system is required. A ponding zone 
is constructed to a height of around 0.35 m to retain runoff for extended hours and 
to provide sufficient hydraulic head for infiltration through the filter layer (Coustumer 
et al., 2009; Gold Coast City Council, 2003; Hsieh and Davis, 2005b). 
Studies on stormwater biofilters to date have analysed the performance of the 
system in removing pollutants by comparing inflow concentrations and outflow 
concentrations of pollutants pertaining to the same rainfall event (one single feed). 
In addition, the analysis carried out was based on the event mean concentrations of 
the same. This type of analysis leads to attributing any pollutant removal observed to 
removal processes in the wet-phase of the event.  
These studies, both in field-scale and laboratory-scale experiments, have shown 
highly varied pollutant removal performance of the system, more specifically for 
pollutants that are affected to biological processes. For example, nitrate-nitrogen 
Figure 2.7: Schematic diagram of a stormwater biofilter layout  
Outflow 
channel 
Ponding zone 
Filter zone 
Drainage zone 
Native soil 
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removal has been observed to vary from negative removal (flush from the system) to 
very high removal, both in laboratory- and field-scale studies (Davis et al., 2001; Davis 
et al., 2006; Henderson et al., 2006; Hunt  et al., 2003; Hunt et al., 2006; Hunt, 2003; 
Kim et al., 2003; Li and Davis, 2009; Lucas, 2006; Lucas and Greenway, 2008, 2011b; 
Sharkey, 2006; Zinger et al., 2007). In a similar way, ammonium-nitrogen removal, 
TKN and total nitrogen have all been observed to be removed/produced in 
stormwater biofilters in different amounts. Although, such studies hypothetically 
relate their observations to filter media characteristics, vegetation type and seasonal 
variations, few studies also hypothetically attribute their observations to pollutant 
removal processes in the dry-phase of the event. These reasons however, have not 
been clearly identified or verified and often found not to be consistent and hence, 
variations in pollutant removal in different systems remain highly inexplicable. For 
example, some studies observed enhanced removal of nitrate-nitrogen when a 
permanent saturation zone was introduced (and enhanced removal was attributed 
to inclusion of a saturated zone), while other studies observed no significant impact 
of saturated zones on removal efficiency (Hunt, 2003; Sharkey, 2006). 
An important property of stormwater biofilters is that they are subjected to 
intermittent wetting and drying, which potentially contrives two phases of operation 
in the system, wet-phase and dry-phase. Pollutant removal in the dry-phase has 
largely been neglected in previous studies, and thereby, pollutant removal is not 
often attributed to dry-phase processes. Furthermore, analysis based on event mean 
concentration of pollutants further restricts analysing the impact or contribution of 
dry-phase processes on pollutant removal as observed in the wet-phase outflow. 
Following sections of this chapter are aimed to identify crucial factors (based on their 
impact on pollutant removal processes) that affect pollutant removal in stormwater 
biofilters, and the impact of antecedent dry days on those factors.    
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2.5 Treatment processes 
Treatment process primarily comprises of transportation of pollutants in treatment 
systems and their distribution to sites where they are eventually retained, 
transformed or removed. These processes also determine the fate of pollutants in 
the system, i.e. their persistence in the system. There are several processes identified 
in the literature that facilitate transportation and transformation pollutants in 
biofilters, such as advection, sedimentation, flocculation, filtration, sorption, 
biodegradation, oxidation and reduction (Dechesne et al., 2004a; Dechesne et al., 
2004b; Guo et al., 2009; Hossain et al., 2010; Hsieh and Davis, 2005a; Hsieh et al., 
2007a; Li and Davis, 2008a). Primarily, the various processes can be classified into 
three categories related to their functions, they include: 
1. Transportation of pollutants; 
2. Interface mass transfer; 
3. Transformation. 
2.5.1 Transportation of pollutants 
Processes that deliver pollutants to the removal sites in treatment systems and 
processes that carry pollutants from the inlet to the outlet through the treatment 
system, in combination are referred to as transportation. 
There are two main processes that affect transportation of pollutants in stormwater 
biofilters: 
1. Advection and dispersion; 
2. Separation. 
Advection and Dispersion 
Advection is the process of infiltration in the system that distributes pollutants to the 
removal sites. While advection can transport pollutants that are dissolved in 
infiltrating water, they are also capable (depending on the flow regime) of either 
dislocating or transporting particulate matter as well.  
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In addition, the process of dispersion can be divided into two types (Sutherland, 
2008): 
1. The process of dispersion due to irregularities in flow paths and regime; 
2. The process of molecular diffusion, primarily due to Brownian motion of 
molecular particles.  
Advection plays a major role in biofilters, compared with dispersion. The primary 
parameter that is crucial in advection is the velocity of infiltrating water. Velocity 
depends on several additional factors as well, including porosity of the filter, head of 
water in the ponding zone and hydraulic conductivity. These are all discussed later in 
this section.  
Unlike contamination from a point source, where dispersion (the first type) is the 
major factor influencing pollutant transportation, inflow into the biofilter in 
stormwater biofilters is as such that concentration of pollutants are mostly uniform 
across the cross-sectional area of the system (ponding zone is assumed as a 
completely mixed system with uniform concentration). Impact of dispersion of the 
first type on transportation of pollutants is therefore negligible. However, molecular 
dispersion is significant in transportation of pollutants in biofilters and this is 
discussed in more detail later in the section under process of filtration. 
Separation 
The process of separation is the physical separation of pollutants that are in 
particulate form, from the infiltrating stormwater. Two primary processes are 
considered under separation, in treatment systems (Sutherland, 2008): 
1. Sedimentation 
2. Filtration 
Sedimentation 
Sedimentation is the process where pollutant particles suspended in water, settle 
due to the gravitational pull on the weight of the particle (Cheremisinoff, 2002). 
Sedimentation depends on the physical characteristics of the pollutant particles (e.g. 
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density and solubility) and on flow conditions (e.g. flow velocity) (Davis, 2010b). 
Efficiency of sedimentation process that occurs mostly in the ponding zone of 
biofilters, varies depending on the hydraulic retention time (Lucas and Medina, 
Undated). In addition, sedimentation also occurs in the filter layer of biofilters, at the 
interface between infiltrating water and the surface of the filter material, where the 
velocity of water is significantly lower than the average flow velocity (Davis, 2010a). 
Pollutant removal by sedimentation is largely influenced by coagulation and 
flocculation of pollutant particles. As a result of agglomeration of particles through 
flocculation and coagulation, weight of individual particles increases, a process that 
favours settling of the agglomerate.  
Coagulation and Flocculation 
Colloidal particles are more resistant to settling as a result of negative charge on their 
surface. Since they have negative charges, colloids repel each other when they are in 
closer proximities. The process of induced coagulation destabilises the net charge on 
the surface of the colloids, that eventually assists agglomeration of particles by 
diminishing repulsion effects (Nalco Chemical Company, 1989). Coagulation 
frequently requires addition of specific chemicals known as coagulants, including 
aluminium salts or polyelectrolytes. Stormwater treatment systems however, are not 
usually controlled or manipulated, so they are not subject to routine addition of 
chemicals that enhance processes like coagulation. Thus, stormwater biofilters do 
not experience coagulation very often.  
In contrast, flocculation is the process that further enhances agglomeration of 
colloids and thickening of agglomerates. However, process of flocculation is observed 
to be significant in stormwater biofilters (Roach and Beecham, 2004; Rooklidge et al., 
2005). Efficiency of flocculation depends on: 
 Collision between particles – that in turn depends on, particle size, 
concentration of particles and transport mechanisms; 
 Attachment of colliding particles – that depend on interactions between 
particles and their colloid stability. 
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There are three different mechanisms identified in the literature that affect collision 
of particles (Newcombe and Dixon, 2006): 
1. Brownian motion (leading to perikinetic aggregation) – This occurs due to 
random movement of particles as a result of their thermal energy. Perikinetic 
aggregation is predominant in aggregation of smaller particles, typically less 
than 1 µm diameter; 
2. Fluid motion (leading to orthokinetic aggregation) – Due to movement of the 
fluid, suspended particles are propelled to move around and eventually 
colliding with each other. These movements are directional, mostly in the 
direction of the fluid flow; 
3. Differential settling – Due to differences in particle sizes and/or their density, 
different particles settle at different velocities, as explained by Stoke’s law. 
This will cause collision of particles and eventually aggregate. 
In the ponding zone of stormwater biofilters, stormwater is not agitated (stirred), and 
it flows vertically at a very slow pace. Flocculation due to motion of the fluid 
therefore, may not be significant. Flocculation due to fluid motion in contrast, can be 
significant in the filter zone, where fluid velocity is higher. Equally, differential 
sedimentation can be a significant cause of flocculation in the ponding zone as well 
as in the filter layer. However, research discussing effectiveness of flocculation in 
pollutant removal in stormwater biofilters is scarce in published literature.   
Filtration 
Unlike sedimentation, the process of filtration depends entirely on the size of 
particles, where particles below a specific size (determined by the filter 
characteristics), remain in the flowing fluid while larger particles are detained in the 
filter (Sutherland, 2008). Filtration generally requires a pressure difference for 
efficient functioning, and in biofilters, the water in the ponding zone provides the 
pressure head required for this process.  
Filtration is a pollutant removal process (particulate pollutants) that can be divided 
into: 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  31 
1. Mechanical screening / straining; 
2. In-depth filtration. 
Mechanical screening removes particles larger than the pore size of the biofilter and 
forms a solid layer at the surface of the filter that further improves filtration 
efficiency. Formation of an extra layer however, increases hydraulic gradient in the 
filter.  
 
 
 
 
 
 
 
 
 
 
In-depth filtration refers to removal of particles that result from an array of 
processes, including; direct interception, direct impact, diffusion and inertial impact 
(Sutherland, 2008). Figure 2.8 shows the mechanism of in-depth filtration with 
velocity gradient of flow in the pores. According to hydraulic theories, a velocity 
gradient exists when the flow regime is in contact with a stationary surface. In 
biofilters the grains of the filter material remain almost stationary in the system. 
Therefore, the velocity of infiltrating water will have a reduced or zero value in the 
vicinity of this stationary surface. Molecular dispersion is significant when flow 
velocity is low (Sutherland, 2008).  
Figure 2.8: Schematic diagram of flow of water through a pore in the filter zone and the mechanisms of 
in-depth filtration 
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As a result of in-depth filtration, particles are also captured in the pores, thereby 
reducing overall pore size. This over time, causes retention of smaller particles 
leading to a reduction in flow paths for water to seep through. This process is termed 
clogging, and leads to an increase in the hydraulic gradient of the filter layer. Clogging 
of the biofilter can greatly impact pollutant removal in biofilters.  
Very high reductions in suspended solids occurs when surface water with low 
turbidity is treated in stormwater biofilters (Li and Davis, 2009; Subramaniam et al., 
2014). Most of the observations that have reported higher removal of solids from 
percolating stormwater have come from filter systems that were either continuously 
operated or during the wet-phase after the stabilisation of the biofilter. It is also 
uncommon for observations to be provided about the performance of biofilters in 
removing solids in the beginning of an experiment. One unique property of biofilters 
however, is that they completely drain and become dry between consecutive rainfall 
events. The current literature barely discusses observations on how biofilters 
perform during intermittent wetting and drying, and across a range of drying periods. 
2.5.2 Interface mass transfer 
Pollutants can exist in air, water or be associated with a solid surface in the 
environment, depending on their chemical and physical properties. They may also 
change from phase to phase depending on ambient environmental conditions. 
Transformation of pollutants from one phase to another in treatment systems 
potentially affects transportation of that pollutant. Depending on the activity of a 
pollutant in a specific phase with other pollutants, can also affect transportation of 
other pollutants (Sutherland, 2008). Three primary processes could be considered in 
mass transfer: 
1. Evaporation; 
2. Volatilisation; 
3. Sorption. 
Evaporation is the process, where a substance changes to its gas form from its pure 
liquid phase, whereas the process of volatilisation refers to the change of phase of a 
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substance to gas phase from a dissolved liquid phase in a solution. Biofilters treat 
stormwater runoff that flows through a channel at a velocity with some agitation. 
Therefore, evaporation or vaporisation due to agitation may not be significant in 
biofilters, where agitation is comparatively negligible. Furthermore, environmental 
conditions in biofilters are seldom or have never been observed to have been 
significantly different from ambient conditions. Because, stormwater runs through 
the catchment where biofilters are located, there is no significant difference in the 
environment of the treatment system from its runoff path. Evaporation and 
volatilisation therefore, are less likely to have significant impact on the transportation 
and fate of the pollutant in the treatment system during the wet-phase of the event. 
Unlike evaporation and volatilisation, sorption is a process where a pollutant 
becomes associated with a solid surface from its dissolved/suspended form. Impact 
of sorption on transportation of a pollutant is in general significant, because it will 
retard the transportation of that pollutant. Sorption can be divided into two types; 
absorption and adsorption. Adsorption is the enrichment (positive adsorption) or 
depletion (negative adsorption) of one or more components in an interfacial layer.  
Alternatively, if one or both of the phases (e.g. solid/liquid) that are in contact, 
change their chemical characteristics, the transfer of the component is called 
absorption (Everett and Koopal, 2001).  
Even though sorption has been studied and examined in depth, and theoretical 
chemistry that governs sorption is well understood, most of the experiments have 
analysed only static conditions and not under dynamic conditions including during 
flowing conditions. Two main constraints that are considered to limit the amount of 
pollutants removed due to sorption include:  
1. The net charge of pollutant molecules, and the net charge of the sorption site; 
2. Competition between different pollutant molecules to find sorption sites and 
the availability of such sites. 
 
Sorption of inorganic substances to solid surfaces occurs primarily due to their charge 
properties. Filter material in biofilters are generally composed of sand and silt, that 
possess only a few charged sites, unlike other sorption materials  such as organic 
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matter and activated carbon (Newcombe and Dixon, 2006). The few available charge 
sites on sand and silt are predominantly negatively charged, but potentially, 
positively-charged sites may also be present. Sorption of inorganics onto solid 
surfaces can be of two types, as shown in  
Figure 2.9: 
1. Formation of outer surface complexes; 
2. Formation of inner surface complexes. 
 
Figure 2.9: Schematic diagram of the processes of sorption 
Inner surface complexation occurs mostly due to covalent bonding between 
substances, a process called chemisorption, while, outer surface sorption occurs 
primarily due to electrostatic interaction, that is known as physisorption (Newcombe 
and Dixon, 2006). Chemisorption creates strong bonding compared with bonds 
created through physisorption (Pepper et al., 2006). For example, phosphates in 
general form strong chemisorption bonds while ammonium-nitrogen forms much 
weaker physisorption bonds. The fate of ammonium-nitrogen that is present on outer 
surface of the sorbent has not been widely analysed in current literature. Substances 
in the outer surface bonding may be more vulnerable to subsequent biodegradation 
and change in flow conditions. And this may induce nitrification of ammonium-
nitrogen that is weakly bonded with the sorbent, so that with antecedent dry days, 
charge site may become available for fresh sorption activity. This process has also not 
been studied widely and there is only limited information available in the current 
literature. In addition, sorption processes can be rapid or slow between individual 
pollutants and the filter surface in biofilters (Hsieh et al., 2007b). The rapid form of 
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sorption is a physical attraction or a reversible chemical transformation while the 
slow form of sorption is essentially a chemical process, examples being precipitation 
or ion-exchange. For example, rapid sorption of phosphorus in the filter layer is due 
to  reversible reactions while slow sorption is due to precipitation of calcium 
phosphates and deposition within iron and aluminium mineral structures (Cox et al., 
2000; Hsieh et al., 2007b). Effectiveness of sorption in biofilters depends on the 
characteristics of the filter and this is discussed in more detail later. 
In contrast, sorption of nonpolar organic material onto a sorbent acts differently from 
polar organic substances that are similar to inorganic substances (Pepper et al., 
2006). Nonpolar organic substances preferentially associate with the organic content 
of filter material which is less polar than water. This is further facilitated by 
hydrophobic effect due to the incompatibility of nonpolar organic substances to 
remain in water. Nonpolar organic materials are mostly bonded by weak van der 
Waals forces. However, many crucial polar organic substances like phenols are 
negatively charged, that repel from usually negatively charged sites on sand and silt, 
resulting in reduced sorption (Pepper et al., 2006).  
The inverse reaction of sorption is called desorption, where the substances 
associated with the particles may disassociate from the solid surface and enter the 
solution (Pepper et al., 2006). The process of desorption can be induced by several 
factors including an imbalance in concentration of the adsorbed substance between 
the adsorbed phase and the solution phase or agitation due to hydraulic shock. 
Desorption may also occur from absorbed phase due to replacement of ions in the 
adsorbed phase. It is vital to understand therefore, the fate of pollutants that are 
adsorbed to the filter material, in particular over intermittent wetting and drying 
cycles which is a unique property of stormwater biofilters. Behaviour of processes 
that determine the fate of individual pollutants may be different to the behaviour of 
these processes during a continuously wet system. However, current literature draws 
more attention towards the continuously wet systems, and hence the knowledge on 
fate of these pollutants for intermittent wetting and drying systems is scarce. 
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2.5.3 Transformation of pollutants 
Transformation reactions on the other hand, result in formation of a new substance, 
i.e. a complete transformation of the current substance to a new one. Transformation 
processes more or less determine the fate of a pollutant in a treatment system. For 
example, the substance that results from transformation may either induce other 
transformation processes, or form new substances that are stable and persistent and 
then accumulate in the system or eventually be removed completely from the system 
by transforming into inert gaseous forms. Primary processes that cause pollutant 
transformation include: 
1. Biodegradation; 
2. Hydrolysis; 
3. Oxidation and reduction; 
4. Photochemical transformation; 
5. Radioactive decay. 
Biodegradation 
Biodegradation is a natural process where microorganisms consume bioavailable 
substrate for energy for their metabolic activities and for population growth (Aumen 
et al., 1983; Rott et al., 1979). Some of the important pollutants in water are also 
readily available and hence are consumed by microorganisms that in turn transform 
or remove the pollutant from water resources. This process is engineered and used 
in water and wastewater treatment systems with methods that enhance and at times 
control microorganism population growth to permit optimum removal of 
biodegradable pollutants. 
There are many types of microorganism found in natural and engineered water 
systems, such as, bacteria, fungi, protozoas and some invertebrate taxa (eg. Worms 
and rotifers) (Figure 2.10). A concert of microorganisms present will include many 
species of each of these classes, depending on prevailing environmental conditions 
including temperature, pH, presence of ions and more importantly, concentration 
and variety of substrates (Sperling and Chernicharo, 2005).  
A basic way of classifying microorganisms based on carbon source is: 
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1. Heterotrophic microorganisms: their carbon source is an organic source; 
2. Autotrophic microorganisms: their carbon source comes from carbon dioxide. 
An alternative method for their classification is based on energy source: 
1. Phototrophic organisms: energy source from light; 
2. Chemotrophic organisms: energy source from chemical reactions. 
 
Building blocks of microorganisms 
Metabolic activities in the cells of microorganisms occur usually in two stages: 
1. Dissimilation/catabolism: during this stage, substrates are decomposed and 
energy is produced; 
2. Assimilation/anabolism: during this stage cellular material is formed utilising 
the energy released during dissimilation. 
In order to effectively consume a substrate, microorganisms produce degradative 
enzymes. Enzymes produced by microorganisms are capable of degrading substrates, 
when they are bioavailable. This process occurs inside the cells of microorganisms, 
Figure 2.10: Sequence of relative predominance of microorganisms in sewage treatment 
adapted from (Sperling and Chernicharo, 2005) 
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and such enzymes are called intracellular enzymes (or endoenzymes). When 
substrates possess complex chemical structures however, it may not be able to reach 
the cytoplasm of the cell through the cell wall by diffusion, and thus first will require 
the complex structure to be degraded externally. Extracellular enzymes (or 
exoenzymes) are produced for such purpose by the microorganisms, that break the 
complex structures outside the cell, and eventually a substrate of less complex form 
is ingested by the microorganism (Bitton, 2005; Sperling and Chernicharo, 2005). 
Energy that is required for the assimilation stage is produced by microorganisms 
either via respiration (oxidative catabolism) or by fermentation (fermentative 
catabolism). During oxidative catabolism, substrates lose electrons and reach an 
oxidised state, and the electron is transferred to an electron acceptor while releasing 
energy. There are more than a single electron acceptor in natural waters from which 
a microorganisms use ones that release the highest amount of energy (Bitton, 2005; 
Neilson and Allard, 2008). The highly preferred electron acceptor in water systems is 
dissolved oxygen, and so after a while, microbes will start to change to conditions 
towards anoxia as they consume dissolved oxygen (refer to Figure 2.11). If nitrate is 
present in the system, nitrate will then become the favoured electron acceptor, 
replacing dissolved oxygen. Eventually, the system will become anaerobic, when less 
efficient sulphates and carbon dioxide become the electron acceptors for microbes 
(Bitton, 2005; Neilson and Allard, 2008).  
Microorganisms are capable of degrading specific substrate, and this is a genetic 
capacity determined in the evolution (Sperling and Chernicharo, 2005). Consumption 
of a specific substrate may occur in several stages, and each stage may require a 
specific set of degradative enzymes (Neilson and Allard, 2008). Absence of a single 
enzyme can obstruct the progression of degradation of the pollutant, and the 
intermediate molecule may be retained in the system, until another colony of 
microorganisms which is capable of producing the enzyme required for further 
degradation of that molecule, to initiate the process. This is one of the reasons, why 
some synthetic organic materials are persistent compared with hard structured 
naturally available organic molecules. Simply because more alternative 
microorganisms are likely to be present for degrading naturally occurring organic 
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molecules, compared with synthetic molecules (Pepper et al., 2006). Furthermore, 
some microorganisms may coincidently degrade certain substances, even though 
their metabolism and reproduction does not depend on this substance, this is known 
as cometabolism. Energy produced during this process will not be consumed by the 
specific microorganism. 
 
 Development of biomass 
Microorganisms require specific environments to consume their target substrates 
and thereby to metabolize and multiply. For example, dissolved oxygen levels 
(aerobic / anoxic / anaerobic conditions), temperature (psychrophilic / mesophillic / 
thermophillic conditions), pH level, availability of nutrients (C, N, P, S) are all some of 
the important parameters that delineate how conducive a particular environment is 
for a specific microorganism (Pepper et al., 2006; Sperling and Chernicharo, 2005). 
Growth of microorganisms in water and wastewater treatment systems can occur via 
either attached growth, where a solid surface is provided for microorganisms to grow 
on, or dispersed growth, where microorganisms grow in fluid suspension and 
aggregate. Microorganisms are only capable of degrading substrates that are in the 
Figure 2.11: Transformation sequence in sewage treatment, as a function of the electron acceptor and the 
redox potential 
Adapted from (Eckenfelder and Grau, 1992) 
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solution that encloses the colony or a single organism. Therefore, conditions of the 
immediate environment of a microorganism are crucial in determining the functions 
of individual microorganisms rather than the whole over all conditions in the system 
(Pepper et al., 2006). 
As shown in the diagram above (Figure 2.12a), the biofilm surrounding the solid 
particle will retain a layer of water. Thickness of that layer will increase with growth 
of the microbial communities around the solid surface. As microorganisms grow on 
the surface, aerobic microorganisms will consume dissolved oxygen in that zone first. 
With further development of the biofilm, consumption of dissolved oxygen by 
microorganisms will be more than the amount of oxygen that enters the biofilm zone 
through diffusion. This imbalance will cause development of anoxic and subsequently 
anaerobic zones near the solids surface as shown in Figure 2.12b (Kremen et al., 
2005).  
Growth of the biofilm zone will also affect distribution of substrate in the biofilm 
zone. For example, more substrate will be required to enter the biofilm through 
diffusion in a thick biofilm, compared to that in a thin film. This causes a fraction of 
the biofilm zone to face starvation as shown in Figure 2.12a. Kinetics of the 
x-distance 
c-
su
bs
tr
at
e 
co
nc
en
tr
at
io
n 
FLOW ZONE 
Thin 
biofilm 
Intermediate 
biofilm 
Thick 
Biofilm 
In
ac
ti
v
e
 A
ct
iv
e
 
A
e
ro
b
ic
 
zo
n
e
 
A
e
ro
b
ic
 
A
n
o
xi
c 
zo
n
e
 
A
n
ae
ro
b
ic
 
zo
n
e
 
A
e
ro
b
ic
 
zo
n
e
 
A
n
o
xi
c 
zo
n
e
 
(b) 
(a) 
t-time 
Solid 
Surface 
Figure 2.12: Development of biofilms (attach growth) and the development of possible zones 
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development of this biofilm zone highly depend on the growth of microorganisms 
that in turn depend on availability of nutrients and resources required for microbial 
metabolism. In addition, superficial velocity of water in the flow zone has a high 
impact on the development and deterioration of this biofilm zone. Limited studies 
have examined the growth kinetics of this zone, and provided some conceptual 
arguments about mechanisms of pollutant removal in this zone, mostly in relation to 
wastewater treatment systems. However, stormwater treatment systems, having 
lower substrate loading and provide different environmental conditions, are subject 
to very different mechanisms, that is not analysed in the current literature.  
Other important aspect of attached growth systems is that, they share the surfaces 
of the solids with the pollutants that are adsorbed by the charged sites on the 
surfaces of these solids. A sound knowledge on how the two different mechanisms 
compete for the same space in the treatment system is crucial in understanding the 
performance of such treatment systems. This issue has largely been ignored in the 
available literature. In addition, there are some pollutants, which have the capability 
of getting adsorbed to solid surfaces before they could be biologically degraded or 
oxidised/reduced. It is not clear what the fate of these pollutants would be in the 
treatment system and the kinetics of such removal processes.  
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Figure 2.13 shows the dynamics of diffusion of pollutants and their intermediaries 
across different zones in a biofilm (Sperling and Chernicharo, 2005). Some substrates 
will have to reach the inner anaerobic zone for effective transformation to occur, 
while other the substrates will be transformed in the outer aerobic layers. 
Mechanism of diffusion depends on the concentration of each entity in each zone 
(Neilson and Allard, 2008). When a pollutant in one zone is transformed to another 
form, the concentration of the original pollutant will be lowered in that zone. 
Meanwhile, the concentration of the pollutant in other zones (where that 
transformation doesn’t occur) will be higher, causing diffusion between them. In the 
case of oxygen, it will be used in the aerobic zone, and it will be used up before it 
could reach the inner layers. This causes the development of different zones, 
depending on the depth of the biofilm and the rate at which dissolved oxygen is 
consumed by microorganisms in the aerobic zones.  
Solid Surface 
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Aerobic zone 
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Figure 2.13: Some of mechanism of diffusion of pollutants and their intermediate products in a  
biofilm that has developed possible zones 
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Growth dynamics of microorganisms 
The growth of microorganisms will show the following phases: 
 Lag phase; 
 Log increasing; 
 Log decreasing; 
 Stationary; 
 Accelerating autodigestion (Log Increasing); 
 Decelerating autodigestion (log decreasing). 
 
Figure 2.14 shows the phases of growth of microorganisms with availability of 
substrate. Microorganisms need substrates to survive and grow. However, when the 
substrate loading is low in their environment they consume their own cellular 
material to metabolise and grow. This is the concept used in extended aeration 
systems, which have a longer sludge age. There is also a phase in the growth and 
decay of microorganism where the colony may go dormant or is starved on resources 
when substrate availability is low. Eventually they may be reactivated when new 
substrates become available in their environment. This is discussed in the next 
section.  
Figure 2.14: Growth curve of bacteria with finite substrate concentration 
Adapted from (Case) 
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Starvation or dormancy of microorganisms 
Fluctuations in concentrations of nutrients in natural systems occur more commonly 
compared with fluctuations of nutrients in wastewater and water treatment systems. 
Fluctuations in concentration of nutrients in natural systems are also mostly not 
periodic, and it ranges from small to large concentration differences. Lack of 
substrate will force microorganisms to move to a stage called starvation or dormant 
period (Sperling and Chernicharo, 2005). The process of starvation and the ability of 
starved microorganisms to rapidly acclimatise to a new influx of substrate and a 
higher subsequent growth rate are crucial for their survival in a system (Konopka, 
2000; Konopka et al., 2002; Tappe et al., 1999). This process is instrumental for design 
of dry treatment systems such as stormwater biofilters that treat stormwater runoff, 
the quantity and quality of which are not usually predictable.  
The length of starvation period microorganisms can withstand varies from species to 
species. Some microorganisms are even capable of surviving on a variety pf different 
substrates. In the same way, the lag-phase and subsequent growth rate of 
microorganisms after supply of substrate will be different from species to species, 
even between the ones that require a common substrate (Cabezas et al., 2009; 
Carrero-Colon et al., 2006; Eiler et al., 2003). Knowledge on autodigestion 
(autotrophic) and starvation of microorganisms has been analysed separately in the 
available literature. There has been no clear differentiation however, between the 
two phases of substrate limiting conditions. This knowledge is vital for understanding 
the dynamics and kinetics of microorganism activity in treatment processes in 
stormwater biofilters that operate on intermittent feed.  
Hydrolysis 
Hydrolysis is the process whereby a pollutant reacts with water, generally in the form 
of: 
R-X + H2O  R-OH + X- + H+ 
where R-X is an organic compound and X stipulates a functional group. Hydrolysis 
depends primarily on pH and prefers acidic conditions (Pepper et al., 2006). Presence 
of acidic conditions in stormwater biofilters is seldom observed or recorded, and 
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hence the process of hydrolysis is less significant in determining the transportation 
and overall fate of pollutants in stormwater biofilters.  
Oxidation and reduction 
Oxidation and reduction processes are chemical reactions that occur due to transfer 
of electrons between an electron donor and an electron acceptor. However, majority 
of the oxidation and reduction processes involved with pollutant removal require a 
catalyst, where microorganisms are mostly preferred in this regard in natural 
systems. For example, the process of nitrification (oxidation) and denitrification 
(reduction) both require microorganisms to facilitate the process.  
Compounds of nitrogen are one of the primary nutrient pollutants that are targeted 
for removal. Nitrification occurs under aerobic conditions, a state that is attained in 
many treatment systems. However, denitrification, that requires anoxic conditions, 
is more often found to be a problem in treatment systems and require enhanced 
engineering treatment systems.  
Nitrification 
Nitrification is responsible for oxidation of N-compounds both organic and inorganic. 
The residuals of this process are mostly, nitrate and nitrite ions. Depending on the 
dissolved oxygen content and the competition for oxygen, the otherwise unstable 
nitrite will undergo further oxidation to reach the more stable form of nitrate. While 
nitrate is more stable, it is very mobile. It will remain in the system under static flow 
conditions, unless it is reduced to nitrogen gas through the process of denitrification 
or is consumed by other processes.  
Nitrification of ammonium 
2NH4+ + 3O2    2NO2- + 4H+ + 2H2O 
Nitrification of nitrite 
2NO2-  +  O2            NO3-   
Primary oxidation considered under nitrification is the oxidation of ammonium, 
which is one of the primary pollutants in natural and wastewaters. Oxidation of 
ammonium requires microorganisms to catalyse the process (Iacopozzi et al., 2007). 
microorganisms 
microorganisms 
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There are several species of ammonia oxidising microorganisms present in natural 
and engineered systems. However, occurrence of these organisms depends on 
environmental conditions (pH, temperature, EC, C/N ratio) and also on nitrogen 
concentration (Bollmann et al., 2002; Van Niel et al., 1993; Verhagen and Laanbroek, 
1991). Depending on the ammonium concentration, a particular species of 
microorganism becomes dominant, leaving other species either dormant or that are 
lost from the colony (Bollmann et al., 2002). For example, Nitrosomonas cluster 7 is 
found in nitrogen rich environments such as sewage treatment systems, while 
Nitrosospira and Nitrosomonas cluster 6a are found in fresh water environments, 
where nitrogen concentrations are generally lower (Bollmann et al., 2002; Hastings 
et al., 1998; Wagner et al., 1995). Nitrifying bacteria providing only a catalyst for the 
nitrification process, they also need a carbon source and energy for survival and 
metabolism. Consequently, they need to compete with other heterotrophic 
microorganisms for carbon sources, a process that means not all will persist. 
Therefore, competition for survival of microorganisms in natural systems is very 
complex as they have to compete with different organisms for different resources, 
and failing to secure sufficient resources can mean their loss from the system. Several 
forms of microorganism however are capable of removing a particular pollutant 
(ammonia in nitrification). Therefore, there may or may not be other organisms that 
are capable of degrading a pollutant on occasion where primary forms fail. 
Denitrification 
Generalised reduction equations are: 
Denitrification of nitrate 
1/5NO3-  + 6/5H+ + e                               1/10N2 + 3/5H2O 
Denitrification of nitrite 
1/3NO2-  + 4/3H+ + e     1/6N2 + 2/3 H2O 
The process that reduces the oxidated forms of nitrogen (resulting from nitrification) 
assisted by microorganisms, such as Pseudornonas, Achromobacter and Bacillus, is 
microorganisms 
microorganisms 
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referred to as denitrification (Joshi et al., 2007). Unlike nitrification, denitrification 
requires anoxic conditions together with an available carbon source. Presence of 
oxygen will produce conditions that are preferential for oxygen reduction, instead of 
nitrate. Assistance provided by microorganisms usually in three ways (Joshi et al., 
2007): 
1. Transportation of nitrates to the external aggregate zone of the 
microorganisms from the flow zone (external mass transfer); 
2. Diffusion of nitrates within the aggregates (internal mass transfer); 
3. Substrate consumption by microorganisms. 
Ultimate denitrification of nitrate results in production of nitrogen gas, that is inert 
and hence nitrogen is completely removed from the treatment systems. There are 
several microorganisms however, which are only capable of respiring nitrate, and 
hence several intermediate products are released in the system, such as NO, N2O and 
NO2- (Carlson and Ingraham, 1983; Joshi et al., 2007). Joshi further states in his paper 
that external mass transfer is crucial in determining the efficiency of the following 
two steps, and that external mass transfer depends on the thickness of the biofilm. 
He further suggests that there exists an optimum concentration of nitrate in the 
system that facilitates optimum denitrification performance. In a study on batch 
cultures, it was observed, that the denitrifican Pseudomonas Stutzeri, independent 
of the initial concentration took about 12 hours to show significant growth. Yet, 
growth rate of the biomass was higher with a higher initial concentration of nitrate. 
However, concentration of nitrate started to drop significantly almost immediately, 
and reached a 50% reduction before the biomass showed significant growth (Joshi et 
al., 2007). This may imply, that activity of denitrifican bacteria may be high even when 
the population is at its lowest density. Of interest, this study observed saturation in 
nitrate removal, when the concentration of nitrate had reached approximately 
5mg/L, after almost 100hours.  
Another study by Carlson and Ingraham (1983) showed that different denitrificans 
not only occur in different environments, but are capable of operating under 
different concentrations of nitrate and produce different products. For example, 
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Pseudomonas Strutzeri produced nitrogen gas effectively and some nitrite, while 
production of nitrogen was very limited by Psudomonas Aeruginosa which produces 
more N2O. It is apparent therefore, that mechanisms and colonies of microorganisms 
that catalyse denitrification can be highly unique to the treatment system under 
consideration.  
Most studies undertaken on nitrification and denitrification processes have been 
based on wastewater treatment systems. Typical wastewater treatment systems 
have a continuous feed of wastewater, and thereby support consistent growth of 
their microbial communities. In stormwater biofilters in contrast, the feed is 
discontinuous and growth of microbial communities may not always be sustainable 
(Deng et al., 2011). In addition, even though anoxic zones in biofilters have been 
observed in past studies, effectiveness of denitrification has not been clearly 
identified in past work (Blecken et al., 2010b; Browne et al., 2007; Kremen et al., 
2005). Stormwater biofilters does provide organic carbon in the form of organic 
matter in filter material, however organic matter requires more time to be available 
for consumption of microorganisms compared to organic substance like methanol. 
Some researchers thought this might be the reason for reduced denitrification rates 
they have observed in their studies and therefore, suggested the use of another 
carbon source to boost the denitrification process (Chang et al., 2010). 
The impact of the unique properties of stormwater biofilters on the processes of 
nitrification and denitrification are discussed in detail later. 
Photochemical transformation 
Both organic and inorganic pollutants are susceptible to a photochemical 
transformation process known as photolysis (Kochany and Bolton, 1992). This can 
result from either direct photolysis, where a substance absorbs light directly and is 
transformed, or it may occur through indirect photolysis where sunlight triggers 
highly reactive species such as O2, O2-, O3 from pollutants like nitrate, nitrite and 
dissolved organic matter, which in turn causes photolysis of other pollutants (Pepper 
et al., 2006).  
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Photochemical transformation may be common in surface water resources, where 
penetration of sunlight reaches lower depths. However, the structure of filter 
material of biofilters is as such that penetration of sun light into the filter zone is 
unlikely. Penetration of sunlight may also occur in the ponding zone, when solids 
loading to the system are minimal, yet, retention of water in the ponding zone is low 
and of short duration and therefore conditions are not opportune for photochemical 
transformation to be effective.  
Radioactive decay 
Radioactive decay is the process where an instable radioactive nucleus emits 
electrons, protons or neutrons to reach a more stable state  (Ryabykh, 2002). This 
process is very peculiar and applicable to radioactive substances only, which emerge 
from specific sources and reach stormwater treatment systems. Therefore, 
radioactive decay may not be a general pollutant removal process in stormwater 
biofilters and therefore is beyond the scope of the current study.  
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2.6 Factors influencing pollutant removal 
From analysis of possible treatment processes that are instrumental in the 
performance of biofilters in removing pollutants from stormwater, a number of 
factors have been identified that are crucial in determining the efficiency of pollutant 
removal processes. Factors identified are listed below: 
 Characteristics of the filter layer; 
 Hydraulic processes; 
 Hydraulic retention time; 
 Pollutant loading 
 Intermittent wetting and drying and dormant period; 
 Degree of saturation and anoxic/aerobic conditions; 
 pH and temperature; 
 Type and density of vegetation. 
 
2.6.1 Characteristics of the filter layer 
Performance of biofilters is predominantly based on the characteristics of the 
engineered filter layer. It operates as a four-phase system in removal of pollutants: 
solid media; water media; gas phase and the film of microorganisms (Bratieres et al., 
2008a; Chang et al., 2010; Corapcioglu and Haridas, 1984). Composition and depth of 
the filter layer are two primary characteristics that pollutant removal in biofilters.   
Composition of the filter layer 
The filter layer is directly (filtering and sorption) and indirectly (biological processes, 
chemical transformations) involved in retention / transformation / removal of 
pollutants (Chang et al., 2010; Lucas and Greenway, 2011b; Zhang et al., 2008). 
Guidelines for construction of biofilters advise that sandy loam be used for the filter 
layer material, with a hydraulic conductivity of 50 – 500 mm/hr (Gold Coast City 
Council, 2003). When compared with kaolinite-clay, sand and silt that are composed 
mostly of silicon, possess low charge and few electron donors, and electron donors 
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are vital for sorption and denitrification (Conklin, 2005; Evangelou, 1998; Weiner, 
2000). However, due to temporary charges, sand may facilitate temporary attraction 
between the surface of particles and charged pollutants, but cannot facilitate their 
long-term retention (Conklin, 2005).  
In addition, the following factors influence potential of the filter layer to retain 
pollutants: 
 Cation exchange capacity of the media (Chang et al., 2010; Conklin, 2005; 
Zhang and Norton, 2002); 
 Particle size distribution, surface area and the pore size of the media (Li and 
Davis, 2008b; Lucas and Greenway, 2011a; Lucas and Greenway, 2011b); 
 Organic matter content (Barral et al., 1998; Bedessem et al., 2005). 
Many laboratory-scale studies have been conducted on enhancing performance of 
biofilters in pollutant removal, using mixtures of various types of soils and material 
including flyash (Zhang et al., 2008) and organic mulch (Fletcher et al., Undated). 
However, there have been only limited investigations undertaken on mechanisms 
that are responsible for removal of pollutants, and mechanisms by which these 
materials enhance pollutant retention potential of the filter layer (Davis et al., 2006; 
Zhang et al., 2008).  
Another important factor influencing pollutant removal processes in biofilters is the 
organic carbon content. Organic carbon in filter layer contributes to pollutant 
removal, primarily in two ways: 
 Facilitating the development of anoxic zones; 
 Acting as an electron donor. 
Organic matter depletes dissolved oxygen due to degradation and this in turn creates 
anaerobic or anoxic conditions in stormwater biofilters. Degradation of organic 
matter however, depends on hydraulic retention time of the system, and biological 
activity. A conceptual model was developed by Kremen et al. (2005) to identify the 
impact of particle size in development of anoxic zones in the filter layer. They describe 
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a proportional relationship between particle size and the fraction of undrainable 
(wilting point) water around the particle which is under anoxic conditions. The 
conceptual model also considered occurrence of organic carbon in water which was 
observed to increase the fraction of anoxic environment around the particle. It was 
observed that formulation of an anoxic zone is significant for particles with a 
diameter greater than 1 mm. In addition, their model assumed unsaturated 
conditions in the filter layer, with the assumption that pores are saturated in oxygen 
rich air that diffuses at a constant rate. The anoxic zone appears when depletion of 
dissolved oxygen is greater than diffusion and where depletion of dissolved oxygen 
is positively correlated with concentration of organic carbon. 
The depth of the filter layer 
Depth of filter layer in a typical stormwater biofilter varies from 0.8 – 0.9 m (Gold 
Coast City Council, 2003; South East Queensland Healthy Waterways, 2010). Davis 
(2006) investigated the impact of depth of the filter layer in removal of nutrients in 
laboratory-scale biofilters. The study reported higher retention of nutrients in a thick 
filter layer compared to a thin layered system, when mass of retained pollutant is 
considered (Davis et al., 2006; Davis et al., 2003). Reduction in the concentration of 
pollutants in the outflow however, was not significantly different. A deeper filter 
layer will cause higher retention of water in the system which may contribute to 
retaining pollutants in suspension, thereby causing a significant reduction in the mass 
of pollutants in the outflow. Pollutants retained under such conditions can wash off 
during the initial phase of outflow in a subsequent rainfall event, causing higher 
concentrations of pollutants in the initial outflow (Hsieh et al., 2007a). 
Depth of the filter layer can enhance pollutant removal potential of biofilters in two 
inter-connected ways: 
1. By providing higher surface area for sorption of pollutants; 
2. By increasing the hydraulic retention time in the system. 
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2.6.2 Hydraulic characteristics 
Primary hydraulic factors that affect stormwater treatment in biofilters include: 
infiltration rate; evapotranspiration; and exfiltration and overflow (Davis, 2007; Dietz 
and Clausen, 2005; Ravi and Williams, 1998). Apart from these factors, occurrence of 
macropores, clogging, plant uptake of water (for metabolic activities) and factors 
such as underdrain capacity and characteristics of rainfall, also affect the factors 
mentioned above. These ultimately impact on removal of pollutants in the system 
(Davis, 2008; Yang et al., 2006; Zou et al., 2001).  
Infiltration rate 
Infiltration is the process of stormwater transportation through the layers of the 
biofilter. It is instrumental in pollutant removal in the system as it transports and 
distributes pollutants. Infiltration depends primarily on hydraulic conductivity of the 
biofilter that is affected by particle size distribution, ponding head, soil suction, 
storage, degree of saturation, vegetation, clogging and compaction of the filter layer 
(Aravena and Dussaillant, 2009; Birch et al., 2005; Browne et al., 2007; Corradini et 
al., 2000; Dechesne et al., 2004a; Dussaillant et al., Undated; Lucas and Greenway, 
2008; Lucas and Greenway, 2011a; Mishra et al., 2003). 
Infiltration has been studied for various types of soils. It is highly unpredictable and 
heterogeneous however, in nature. Therefore, studies on infiltration are often 
accompanied by many assumptions including that the media is homogeneous (the 
media is composed of uniform material) and isotropic (characteristics such as 
hydraulic conductivity, is constant in all directions) (Barry et al., 2005; Braud et al., 
2005a; Chen and Young, 2006). Owing to the unique nature of infiltration, analysis of 
this process specifically in relation to biofilters is important when evaluation of the 
ability biofilters in removing pollutants.  
Davis (2006) investigated the impact of duration and rate of inflow on removal of 
nutrients (nitrogen and phosphorus), using synthetic stormwater fed to a laboratory 
scale biofilter. While removal of total phosphorus (TP) and total Kjeldhal nitrogen 
(TKN) were observed to be affected by flow rate, removal of the total oxidised form 
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of nitrogen was observed to be constant across a range of flow rates used. 
Additionally, the relationship between flow rate and retention of TP and TKN was also 
found to be complex. Although this study suggested that flow rate may affect 
pollutant removal, the relationship between flow rate and performance of biofilter 
in removing nutrients was not significant.   
A laboratory-scale experiment by Kim (2003) analysed removal of nitrate and nitrite 
through an organic substrate-added stormwater biofilter filter layer in relation to 
flow rate (at constant concentration of nitrate) and nitrate loading (constant flow 
rate). Results revealed higher nitrate removal at a lower flow rate and lower loading 
of nitrate, while percentage of removal decreasing with increasing flow rate and 
nitrate loading. However, mass of nitrate removed was observed to increase and 
stabilise, which implies that the dynamics of nitrate removal is crucial in the design 
of the bioretention filter layer. 
Infiltration rate changes in relationship with two hydraulic properties of the filter 
layer. Occurrence of clogging alters porosity of the engineered soil matrix and in turn 
affects effective hydraulic conductivity of biofilters (Achleitner et al., 2007; Bouwer, 
2002; Coustumer et al., 2009; Datry et al., 2003; Wong et al., 2006). Clogging may 
occur either in the top layer of the soil matrix or as interstitial deposition in the 
deeper part of the soil matrix (Lucas and Medina, Undated). A study by Coustomer 
(2009) revealed that clogging often occurs in the top layer, and little/no interstitial 
clogging takes place in the deeper layers. However, clogging is seldom considered in 
studies on hydraulic processes, as most studies are based on initial design 
specifications of the filter layer. Impact of clogging on distribution of stormwater 
runoff in the system and the effect on pollutant removal processes therefore, need 
to be considered. 
Hsieh (2007b) conducted a laboratory-scale study on the effect of layers with 
different hydraulic conductivity, and observed that arrangement of the filter layer 
that has higher hydraulic conductivity sitting on a layer with a lower hydraulic 
conductivity displayed significant changes in the flow rate due to clogging. The 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  55 
inverse arrangement however, showed consistent flow rate throughout the 
experiment, which had a lower effect on clogging.  
Clogging initially causes extended ponding on the surface of biofilters by reducing 
hydraulic conductivity of the top layer, and hence affects the system as a whole. Due 
to extended ponding time, finer particulate matter in stormwater runoff tends to 
settle, this in turn facilitates more clogging. When this cycle repeats, performance of 
the system can be highly affected, leading to failure (Browne et al., 2007; Coustumer 
et al., 2009; Li and Davis, 2008b; Lucas and Greenway, 2011a; Pitt et al., 2002).  
An increased amount of suspended solids in the outflow of biofilters has often been 
observed in past studies (Davis, 2007; Dietz and Clausen, 2005; Hatt et al., 2009). 
However, over a period of time, the concentration of suspended solids in outflow has 
been observed to decrease and stabilise. It has been conjectured that this results 
from stabilisation of the new soil matrix.  
Stabilisation, similar to ripening of sand filters may occur in biofilters following a new 
installation or at the beginning of an event, when wash off of material from the filter 
may end up in the outflow degrading its quality. Stabilisation of engineered soil 
matrix may result in:  
 Changes in characteristics of the filter layer, such as porosity;  
 Washoff of a specific size range of particles resulting in changes to the 
effective contact surface in the filter layer that in turn will affect pollutant 
removal processes such as adsorption. 
In addition to aforementioned impacts of stabilisation, compaction can also result 
due to stabilisation, and it affects hydraulic performance of the system in general, by 
altering hydraulic conductivity of the layer (Rawls et al., 1983). This in turn affects the 
flow rate of stormwater in the system. In addition to the impacts on hydraulic 
performance of the system, both compaction as well as clogging, affect pollutant 
removal processes such as filtration due to a reduction in pore spaces. Though impact 
of clogging and compaction has been widely observed in treatment systems in 
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relation to infiltration processes, understanding of the relationship between these 
factors and pollutant removal has seldom been analysed in past studies.  
Another important factor that affects infiltration in biofilters is the formation of 
macropores in filter media. Macropores may appear due to insect activities, cavities 
caused by shrinkages and differential settlement or due to root-holes of plants 
(Archer et al., 2002; Weiler, 2005a). Macropores, lead infiltrating water to bypass soil 
layers in the filter layer and thereby reduce the retention time. Pollutant removal 
processes such as sorption will be affected if water-soil contact time is reduced, 
resulting in poor removal of pollutants (Janda et al., 2004). The influence of 
macropores on treatment processes in a biofilters is principally based on: 1) the 
location of the pores in the filter layer; 2) amount of water supplied to the pores; 3) 
characteristics of the flow of water through the pores; and 4) transfer of water 
from/into the pores to/from the surrounding soils (Beven and Germann, 1982; Buttle 
and Leigh, 1997; Faeh et al., 1997; Weiler, 2005a). 
Loss/gain of water 
Loss/gain of water in stormwater biofilters is principally related to root-uptake 
(generally assumed to be equal to evapotranspiration), water retention in the filter 
layer and exfiltration (into surrounding soils) (Hatt et al., 2009). Evapotranspiration is 
found to be only a fraction of the total root-uptake, while the other fraction is used 
for metabolism related activities by plants (Braud et al., 2005b).  
Exfiltration is typically site-specific and complex. Hatt (2009) observed a linear 
relationship between inflow quantity and water losses in biofilters for small events 
and noted exfiltration is primarily responsible for losses. However, exfiltration of 
water can carry pollutants with the flow. Therefore, water and pollutant losses due 
to exfiltration need to be accounted for, accurately.   
Hydraulic retention time 
Hydraulic retention time of biofilters is very crucial for effective removal of nutrients 
(Le Coustumer et al., 2008). The longer the hydraulic retention time, longer the 
infiltrating water is in contact with the surface of the particles in the filter layer. This 
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in turn increases the possibility of pollutants being attached to solids surface (Asleson 
et al., 2009; Beven and Germann, 1982; Birch et al., 2005).  
Moreover, most of the processes that are based on microbial populations and their 
growth, require relatively longer retention times. This includes biological degradation 
processes that are critical for removal of nutrients from stormwater runoff (Blecken 
et al., 2010a; Davis et al., 2006; He and Davis, 2011; Lucas and Greenway, 2011b).   
 
2.6.3 Pollutant loading (Initial concentration of 
pollutants) 
Available literature on pollutant removal processes are based on wastewater 
treatment systems, in particular, biological treatment and nutrient removal. It is 
evident from the literature related to pollutant removal processes, that inflow 
concentration of pollutants, i.e. the pollutant loading, is crucial in determining the 
performance of pollutant removal. Wastewater treatment systems have higher 
loading rates, especially solids, nutrients and organic carbon, compared to 
stormwater treatment systems.  
Impact of pollutant loading on transportation and interface mass 
transfer processes 
Lower pollutant loading has advantages when transportation and interface mass 
transfer processes are considered. For example, sorption requires charged sites on 
the surfaces of the filter medium and competition exists between particles of the 
same species and between particles of different species for these sorption sites, 
during treatment process. Therefore, lower pollutant loading yields higher 
opportunity for pollutants to find charged sites, and thereby reduce potential for 
them to be washed off in outflow.  
One of the most important problems in filtration is clogging, that upon build up, 
causes restricted flow and hence malfunction of the system. Sand filters in water and 
wastewater treatment systems undergo regular maintenance where a fraction of the 
filter material is routinely removed and the system backwashed. With stormwater 
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treatment systems, where loading of solids is usually lower, issue of clogging is 
comparatively lower. Eventually, stormwater treatment systems in general have a 
longer life span, and most do not have regular maintenance.  
Impact of pollutant loading on transformation processes 
A good understanding of the biodegradation of organic and inorganic substrates and 
kinetics and dynamics of microbial growth progression has been developed from the 
literature on wastewater treatment systems. In contrast, the literature has not 
examined the kinetics of biodegradation processes on stormwater treatment systems 
in detail. When wastewater treatment systems and stormwater treatment systems 
are compared, it is apparent, that the most important difference is substrate loading 
rate to the system. Wastewater treatment systems has higher substrate loading 
compared to stormwater treatment system. A study by Cabezas et al (2009) recorded 
a significant reduction and transformation in microbial populations when loading in 
an SBR was varied. It is evident that availability of substrate is crucial to microbial 
population growth and relative diversity of colonies found in them.  
In addition, most stormwater treatment systems are not controlled, in particular with 
respect to variations in ambient temperature. Treatment systems where 
temperature fluctuates over a wide range, can affect biological processes significantly 
since most biofilters are open to the environment. Temperature, is an important 
factor that impacts the species of microorganisms that survive in the system (Sperling 
and Chernicharo, 2005). This may result in fluctuations in treatment efficiencies of 
the system over time. Therefore developing a complete understanding of the 
behaviour of biofilters during temperature fluctuations is important for modelling 
pollutant removal in stormwater biofilters.  
 
2.6.4 Degree of saturation  
Degree of saturation is the percentage of voids in the filter bed that are filled with 
water. 
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𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠
× 100 
Equation 2.1 
 
Degree of saturation of biofilters affects pollutant removal processes in the 
stormwater biofilter primarily in two ways: 
1. Hydraulic conductivity of biofilters changes depending on the degree of 
saturation and the optimum hydraulic conductivity is obtained when the filter 
is fully saturated ; 
2. The anoxic/aerobic conditions in the system are also significantly affected by 
the degree of saturation. 
Sand filters in wastewater treatment systems are subjected to continuous feed, over 
a long period with time compared to stormwater biofilters. Sand filters are observed 
to be fully saturated when functional (Nalco Chemical Company, 1989). In general, in 
such continuously operated saturated systems, aerobic conditions prevail in the first 
part of the system while dissolved oxygen keeps decreasing and potentially reach 
anoxic or anaerobic conditions at the end of the system depending on the length of 
Flow 
Air pockets 
Spread of DO due 
to air pockets 
Aerobic 
conditions 
Anoxic conditions 
Anaerobic 
conditions 
Flow 
(a) (b) 
Figure 2.15: Conceptual development of aerobic/anoxic/anaerobic zones in (a) fully saturated column and 
(b) unsaturated column 
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the system (Figure 2.15a) (Neilson and Allard, 2008; Sperling and Chernicharo, 2005). 
This is due to aerobic microorganisms using up any available dissolved oxygen in the 
infiltrating water and that infiltrating water will not come into contact with air that 
can allow oxygen to dissolve, until it reaches the outflow.  
The more saturated is the filter layer during infiltration, the less air will be trapped in 
the pores. Absence of air in the pores, restricts diffusion of oxygen in stormwater that 
infiltrates (Bitton, 2005). Biological decay processes, including decay of organic 
material and organic carbon causes depletion of dissolved oxygen in stormwater. 
Therefore, with restricted diffusion of oxygen and depletion of dissolved oxygen due 
to biological decay will result in reduced dissolved oxygen, leading to anoxic 
conditions (Clark and Pitt, 2009). However, operation of biofilters is intermittent, and 
operation may cease well before biofilter stabilises to fully saturated conditions, due 
to short feeds. This may cause air pockets to form (development of unsaturated 
zones) in the filter bed. Air pockets or unsaturated zones trap air containing oxygen. 
This oxygen will diffuse and dissolve in the infiltrating stormwater, developing 
aerobic zones. The bigger the air pockets, the greater the dissolution of oxygen 
(Figure 2.15b) 
There are several processes that are affected by anoxic/aerobic conditions, especially 
processes that are assisted by microorganisms which prefer specific environments. 
Transformation of nitrogen based pollutants (eg. ammonium-nitrogen, nitrate-
nitrogen, nitrite-nitrogen) in particular, from one form to the other is facilitated by 
nitrification and denitrification processes that are highly affected by the 
aerobic/anaerobic conditions (Chang et al., 2010; Dietz and Clausen, 2006; 
Henderson et al., 2007; Hsieh and Davis, 2005b; Kim et al., 2003; Stander et al., 
Undated). Incorporation of a saturation zone in a stormwater biofilter has been found 
to result in enhanced removal of nitrate-nitrogen together with ammonium-nitrogen 
(Kim et al., 2003). This is due to presence of an anoxic environment that favours 
denitrification. 
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2.6.5 Dormant period/Antecedent dry days 
The dormant period refers to the time lapse between two rainfall events, during 
which stormwater biofilters will continue to drain and reach wilting point. Unlike 
other sand filters that are continuously fed, intermittent wetting and drying is a 
unique characteristic to stormwater biofilters. Earlier studies have analysed 
processes in continuous systems, but very few have considered intermittent feeding 
regimes. Furthermore, intermittent wetting and drying in biofilters is not periodical, 
and the dormant period varies depending on the rainfall patterns in the region.  
Dormant period also affects both immobilisation and fate of pollutants in biofilters. 
Many studies have observed that dormant period affects pollutant removal (Davis et 
al., 2006; Hsieh et al., 2007a; Hsieh et al., 2007b). Especially in biological pollutant 
removal processes such as nitrification and denitrification, dormant period may 
affect the growth of microorganisms. This will in turn affect pollutant removal in the 
subsequent rainfall event (Kim et al., 2003). However, understanding about the 
relationship between dormant period and pollutant removal is scarce in the 
published literature.  
Impact of dormant period on transportation and interface mass 
transfer processes 
During a rainfall event that follows a long dormant period, the initial portion of 
infiltrating stormwater, commonly known as the wetting front, significantly changes 
initial moisture content of the filter layer. Speed of this wetting front is comparatively 
much higher than infiltration rate in saturated filter (Glass et al., 2010). Depending 
on the state of pollutants that are retained in the system (whether, in suspension or 
in the sediments), wetting front may influence their transportation. In addition, 
storage of stormwater in biofilters is also significantly affected by the initial moisture 
content. Storage of stormwater impacts on reduced outflow from the system, that 
impacts on transportation of pollutants out of the system.  
Secondly, intermittent wetting and drying affects the sedimentation process that 
occurs in the ponding zone. In a short term ponding during a rainfall event, particles 
in stormwater runoff undergo sedimentation. In addition, due to surface straining 
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filtration, more particles are trapped on the surface of the filter bed due to cake 
filtration. However, during subsequent drying surface of the filter bed will lose most 
of the retained water due to gravitational draining and evaporation simultaneously, 
leaving the entrapped particles dried. Depending on the characteristics of the inflow 
during the next rainfall event, these particles are exposed to agitation and re-
suspension, thereby destroying the cake and the sedimentation layers. This may be 
one of the reasons why clogging was not observed to be a big problem hence 
prolonging the life span of biofilters without routine maintenance and replacements.  
Impact of dormant period on transformation processes 
Another important impact of intermittent wetting and drying conditions would be on 
the process of biodegradation and other processes that are assisted by 
microorganisms such as nitrification and denitrification. There are several 
parameters that may vary and hence cause disruption to one process and may 
facilitate another process. The processes could be affected in three ways: 
1. Availability of oxygen 
2. Availability of substrate 
3. Availability of organic carbon 
These two factors together with specific processes (nitrification and denitrification) 
occurring during drying periods may change parameters such as pH and temperature 
which may be hindrance to some processes.  
Availability of dissolved oxygen 
Oxygen is an electron acceptor that is on the top of the charts as the preferred 
electron acceptor for many oxidation processes. Impact of dissolved oxygen in 
pollutant removal processes has already been discussed. Dynamics of variations in 
concentration of dissolved oxygen in unsaturated zone is not analysed in available 
literature due to its complexity. Therefore, dynamics of variations in concentrations 
of dissolved oxygen in a biofilter, when filter is in the dormant period (while drying) 
is highly complex.  
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Availability of substrates 
Another important aspect of intermittent loading is that the substrate for metabolism 
of microorganisms is also intermittent. It is already shown in section 3.3 that the 
decay of microorganisms would occur when the substrate is finite and limited. 
However, another concept was also discussed, which is the phase where the 
microorganisms go under starvation, and reactivate on provision of fresh substrate 
in the subsequent rainfall event. Several studies have been done on starvation of 
microorganisms on limited substrate environment and their response to availability 
of substrate after starvation (Bollmann et al., 2002; Carlson and Ingraham, 1983; 
Carrero-Colon et al., 2006; Eiler et al., 2003). Two important aspects are considered 
with regards to their response: 
1. The occurrence and length of lag phase in their growth; 
2. The growth rate after starvation. 
The studies on starvation and reactivation of microorganisms have revealed that 
response of each species is unique to the species (Almstrand et al., 2013; Carlson and 
Ingraham, 1983; Roslev and King, 1995). For example, some microorganisms are 
reactivated without a lag phase while some have a longer lag phase in the growth, 
while some have a higher growth rate after reactivation and others with a slower 
growth rate irrelevant to their length of lag phase.  
There are four important factors that determine the response of a particular species 
of microorganisms to reactivation after starvation (Carrero-Colon et al., 2006; Joshi 
et al., 2007; Neilson and Allard, 2008; Sperling and Chernicharo, 2005): 
1. Length of starvation period; 
2. Their genetic property – which is a unique property of the microorganism; 
3. The competition for common substrate with other microorganism – which 
depends on how other microorganisms respond, i.e. a comparison with the 
genetic property of other microorganism; 
4. The concentration of substrate in the fresh inflow. 
 
All these studies have analysed for intermittent loading, yet, the loading of substrates 
are very high compared to the loading in a stormwater treatment system such as 
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stormwater biofilters. It was already discussed, that the loading of substrates if 
crucial in the species of microorganisms survive in the treatment system. Therefore, 
the knowledge gained from the available literature is only of limited use, in the 
understanding of the dynamics of microorganisms in stormwater treatment systems. 
It is important to understand the robustness of the microbial colonies to starve or lay 
dormant during low/no substrate periods. Moreover, most of the rainfall events 
could be short in length of time, and stormwater biofilters support rapid 
transportation of infiltrating water through the system which gives only few hours 
for treatment of stormwater. This in turn requires rapid reactivation of the concerts 
of microorganisms after long periods of dormancy or starvation. There’s very few or 
no literature available on the effectiveness of these microbial colonies to respond to 
these shocks. 
It is important to understand the kinetics of microbial population during this change, 
and their mechanisms of growth and metabolism during each phase, to understand 
the fate of the retained pollutants in the filter bed during each rainfall event. 
Depending on the length of the antecedent dry days, and dynamics of water retention 
and evaporation in the filter bed, microorganisms may reach dormant or starvation 
stage due to the limitation of a resource. 
Availability of organic carbon 
In most of the stormwater biofilters the filter has around 3-10% of organic matter 
and in the other biofilters, a layer of organic matter is laid on top of the filter, which 
supplies organic carbon to the infiltrating stormwater. The organic matter that is 
added to the filter in the system has organic molecules ranging from readily available 
for biomass consumption to complex organic structures which require breaking prior 
to consumption by microorganisms (Sperling and Chernicharo, 2005).  
Moreover, the phenomena known as Birch effect, plays a major role especially in the 
systems that operate on long intervals of intermittent feed (Jarvis et al., 2007a). It 
has been observed, that the organic molecules with complex structures are involved 
in biodegradation during the dormant period to be broken into simple structures, 
which are then metabolised during the next loading. The two most important factors 
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that determines the effect of birch effect is the number of drying days and the 
temperature (Christ and David, 1996; Jarvis et al., 2007a).  
It is apparent from the discussion that the organic carbon will be sufficient in the 
system during the dormant period. Therefore, it is more likely that the availability of 
dissolved oxygen becomes the limiting resource in the filter zone of stormwater 
biofilters than the substrate becoming the limiting resource for the carbon degrading 
microorganisms. On the other hand, for microorganisms depending on nitrogen 
based substance may have nitrogen as the limiting resource. The starvation of 
microorganisms is always analysed based on the availability of substrate rather than 
oxygen, especially for aerobic bacteria. The understanding on the dynamics of the 
growth of aerobic bacteria in the absence of oxygen and in presence of substrate is 
crucial in understanding the processes of stormwater biofilter.  
 
2.6.6 pH and temperature in the system 
Current literature does not clearly reveal whether there are significant changes in 
temperature in the system while functioning. However, it has been observed that the 
retention of phosphorus and suspended solids is not affected by the temperature 
while total nitrogen, dissolved nitrogen and nitrate varies significantly with 
temperature (Blecken et al., 2010a). These studies confirm the impact of 
temperature on the removal of pollutants. However, these outcomes are insufficient 
for developing comprehensive knowledge on the pattern of variation, and the 
processes that are affected by the temperature. 
Nitrification and denitrification processes are not affected by variations in pH, 
between 6.5 and 8. These processes are not effective for pH values less than 6, and 
between 6 and 6.5, the process is highly hindered (Dincer and Kargi, 2000). This has 
been observed by Davis (2006; 2003) where, the laboratory-scale bioretention 
columns have shown consistent removal of pollutants under different pH conditions 
between 6 and 8. Since the pH of stormwater runoff lies mostly in the range of 6 to 
8, it could be assumed, that the impact of pH on pollutant removal in stormwater 
biofilters is not significant. 
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2.6.7 Type and density of vegetation 
It is an optional practice in stormwater biofilters to plant vegetation on the surface 
mainly to: 
1. Increase the porosity and enhance infiltration through the organic layer, and 
to enhance the infiltration capacity of the layer where clogging would reduce 
hydraulic conductivity (Bartens et al., 2008; Bartens et al., 2009; Nowak, 
2006); 
2. Enhance the uptake of nutrients and other pollutants (Lucas and Greenway, 
2008); 
3. Enhance evapotranspiration (Davis, 2008). 
However, pollutant uptake by plants is restricted mainly due to the hydraulic 
retention time in the system, where higher retention times are required for effective 
plant uptake. However, the choice of type of vegetation plays a major role in the 
uptake of pollutants. Significant uptake of pollutants by plants have been observed 
in past studies (Blecken et al., 2011; Davis et al., 2001; Davis et al., 2003; Fletcher et 
al., Undated; Lucas and Greenway, 2008, 2011b).  
The evapotranspiration in biofilters is small compared to the flow through the 
system. However, in vegetated stormwater biofilters, evapotranspiration may be 
significant depending on the type and density of vegetation. Past studies on 
laboratory scale columns have revealed significant reduction in outflow from the 
system due to storage of stormwater in the system and evapotranspiration (Davis et 
al., 2006; He and Davis, 2011).  
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2.7 Summary: Stormwater Biofilters 
Urbanisation of landscapes disrupts the natural water cycle and aquatic ecosystems, 
not only quantitatively, but also qualitatively. Pollutants that result from 
anthropogenic activities are transported to water resources by stormwater runoff 
during precipitation events. Many pollutants are harmful and can be toxic to life 
forms. Solids, nutrients, heavy metals, hydrocarbons and organic carbon are some of 
the most common and also potentially harmful pollutants that are transported by 
stormwater runoff in urban environments. Water Sensitive Urban Design is a concept 
that focuses on qualitative and quantitative management of water in urban 
environments. Gross pollutant traps (GPTs), infiltration systems, bioswales, 
sedimentation basins, sand filters, stormwater biofilters and constructed wetlands 
are some of the common structural elements of WSUD.  
Stormwater biofilters are a structural element of WSUD that has a ponding zone, filter 
zone, transition zone and a draining zone to manage quality and quantity of 
stormwater runoff in urban environments. Some stormwater biofilters are vegetated 
to enhance evapotranspiration and avoid clogging in the top of the filter layer. Filter 
layer is designed to have a hydraulic conductivity of 50 – 500 mm/h and comprises of 
sandy loam, with a particle size less than 1mm, and organic carbon primarily as 
organic matter (3 – 10% by weight). Filter layer is the important element of 
stormwater biofilters which are about 0.8 – 0.9 m in length followed by transition and 
draining layers to a height of 0.2 – 0.3 m.  
There are several processes identified in stormwater biofilters that are instrumental 
in removing pollutants from infiltrating stormwater. These are classified under three 
groups of processes, which are:  
1. Transportation of pollutants; 
2. Interface and mass transfer; 
3. Transformation. 
Processes that transport and distribute pollutants to removal sites are classified 
under transportation of pollutants. Advection, dispersion, sedimentation and 
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filtration are primary pollutant transport processes identified in stormwater 
biofilters. Efficiency of transportation processes are highly affected by hydraulic 
processes of biofilters, including flow rate, interstitial velocity, porosity of the filter 
and hydraulic retention time.  
Interface mass transfer processes are responsible for mass transfer of pollutants 
between phases from dissolved form to an adsorbed form to the surface of the filter 
material. The three primary interface mass transfer processes are, evaporation, 
volatilisation and sorption. Because there is not much difference in the conditions 
between the environment of stormwater runoff path and the environment of 
biofilters, evaporation and volatilisation are less like to have a significant impact on 
pollutant removal in the system. However, impact of sorption on pollutant removal 
is significant in stormwater biofilters. During sorption, substances in infiltrating 
water, either in dissolved or suspended form, will get attracted to charged sites on 
the solid surface, or get bonded either chemically or physically. Depending on the 
conditions of flow and concentration of the substance in the flow, desorption of 
substances are also likely to occur.  
Transformation processes are responsible in transforming pollutants to a new form 
that may or may not be harmful to the environment. Important transformation 
processes in biofilters are identified as biodegradation, oxidation and reduction. 
Biodegradation occurs due to growth of microorganisms that consume bioavailable 
pollutants for their metabolism and growth. However, their growth dynamics and 
kinetics and mechanisms they use to consume substrate are unique to species and 
depend greatly on micro-environmental conditions. In addition, their response to 
shocks such as limitation in substrate and change in environmental conditions are 
even more complex. Process of oxidation and reduction either oxidises or reduces 
pollutants, changing its form, by transferring electrons. Oxidation and reduction are 
catalysed by microorganisms such as nitrification and denitrification processes and 
are affected by growth kinetics of those specific microorganisms.  
Based on pollutant removal processes identified in literature, factors that are critical 
in efficient progression of these processes are identified. Important factors identified 
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are, characteristics of the filter layer, hydraulic processes, hydraulic retention time, 
pollutant loading, dormant period, degree of saturation, concentration of dissolved 
oxygen, pH, temperature and type and density of vegetation.  
Important aspects of characteristics of filter layer that affects performance of 
biofilters are composition and depth of the filter layer. However, biofilters are 
designed to a fixed depth. Composition however, varies in certain aspects such as ion 
exchange capacity, particle size distribution and organic matter content that play a 
major role in determining the efficiency of pollutant removal processes.   
Hydraulic characteristics of the biofilters play an important role in transportation of 
pollutants. The most important factors that affect performance of biofilters are the 
rate of infiltration in the filter layer and hydraulic retention time. Loss and gain of 
water during a rainfall event and during the dormant period affect the water budget 
of the system together with the pollutant in suspension.  
Another important factor that differentiates stormwater biofilters from sand filters 
used in water and wastewater treatment system is the loading of pollutants (the 
initial concentration of pollutants in the inflow channel). Pollutant loading in biofilters 
is very low compared to other filters used in water treatment systems. Loading of 
pollutants is crucial, especially in biological and biologically assisted processes, as 
growth of biological organisms depend on substrate availability. In addition, the 
species of microorganisms that bio-decompose particular pollutant is also 
determined by the availability of substrates.  
Degree of saturation is another crucial factor in operation of biofilters, due to its 
intermittent feed. The intermittent feed causes fluctuation in degree of saturation, 
and thereby affects concentration of dissolved oxygen in the system. Fluctuations in 
concentration of dissolved oxygen affect biological processes and biologically 
assisted processes.  
The unique property of biofilters is that they operate on intermittent wetting and 
drying conditions, and that the cycle is not periodic. Depending on rainfall in the 
environment, they could be subjected to very long dry periods, and consecutive wet 
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days. This still affect almost all the factors mentioned above, and the impact is crucial 
in performance of biofilters in removing pollutants. The literature review highlighted 
the lack of focus on the impact of intermittent wetting and drying on performance of 
stormwater biofilters in removing pollutants, and the lack of acknowledgement of 
the contribution of dry-phase processes in the total performance of the system. The 
literature review also highlighted the crucial role intermittent wetting and drying and 
the dry-phase plays on the factors that determine the effectiveness of stormwater 
biofilter pollutant removal processes.  
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CHAPTER 3  
RESEARCH DESIGN AND TOOLS 
 
3.1 Background 
The current study aimed to understand the dynamics of nitrogen and total suspended 
solids (TSS) removal in biofilters, under intermittent wetting and drying regime. The 
intension of the study is to apply the findings of this study to enhance industrial scale 
systems, yet, it is not possible to run experiments under a control environment in 
field-scale installations. On such occasions, extensive laboratory-scale studies are 
carried out under controlled environment, where impact of specific factors can be 
examined rigorously and provide a comprehensive analysis of the dynamics on the 
system under varying particular factors.  
Two important factors intended to be analysed in this study for their impact on the 
dynamics of pollutant removal in biofilters are antecedent dry days (ADD) and inflow 
concentrations (IN) of nitrogen and TSS. In order to maintain consistency in 
experimental variables, laboratory-scale stormwater biofilters were designed, 
fabricated and operated with simulated stormwater prepared in the laboratory. A 
detailed discussion of the experimental design and schedule are given in this chapter.  
The first part of the chapter focuses on describing the design of laboratory-scale 
biofilters and preparation of simulated stormwater, followed by a detailed 
description of the experimental schedule employed. This is followed by a description 
of protocols followed in obtaining samples for analyses, transporting, preserving and 
storing the samples and the quality control measures employed. Finally, the data 
analysis tools including interpretation of graphical presentation of data, multivariate 
statistical tools and modelling techniques, are described in detail.   
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3.2 Design of Bioretention filter (biofilter) Columns 
Laboratory-scale stormwater biofilter columns were designed to replicate field-scale 
stormwater biofilters (Gold Coast City Council, 2003; South East Queensland Healthy 
Waterways, 2010). Accordingly, bioretention filter columns were designed to consist 
of three layers (refer Figure 3.1): 
1. Filter zone - Engineered filter media:  Engineered filter media consisted of 
primarily loamy sand. The particles size distribution was engineered to 
include particles with a diameter less than 1 mm. The particle size 
distribution of filter media as reported by the company that supplied 
material is given in Appendix A. Another investigation of the PSD of filter 
material obtained using a Malvern instrument is given under preliminary 
stabilization of columns (Chapter 5). The engineered mix was intended to 
have a hydraulic conductivity of 50 – 500 mm/h (180 – 200 mm/h 
optimum) according to guidelines, and the observed saturated hydraulic 
conductivity varied between 300 – 450 mm/h that was monitored during 
the experiments (discussed in detail in Chapter 4). Engineered filter media 
also included approximately 8% (by weight) organic matter added to 
enhance nitrate-nitrogen removal. The organic matter added to biofilter 
however, had negligible levels of total nitrogen and total phosphorus. The 
detailed description of organic matter provided by the supplier is given in 
the product detail sheet in Appendix A.  
2. Drain zone - Gravel media: The primary purpose of the drain zone was to 
rapidly transport infiltrated (treated) stormwater to drainage that 
followed or to temporarily store prior to infiltrating in the native soil in 
systems that were designed to recharge groundwater. In the current 
study, drain zone operates to rapidly transport infiltrated stormwater into 
the drain channel that is a sampling port in this study. Description of the 
size of the drain channel of this experiment is discussed later in this 
section. Gravel media provided by the supplier was engineered to 
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comprise of particles of sizes between 2 – 5 mm in diameter. PSD of gravel 
media is given in the product detail sheet, in Appendix A.  
3. Transition zone – Transition media: A transition zone is included if the 
ratio between particle size of drain media and filter media are more than 
an order of ten. A transition zone was therefore included in laboratory-
scale bioretention filters using transition media supplied by the industrial 
supplier. Transition media provided by the supplier was engineered to 
have particles varying size in between 1 – 2 mm in diameter. PSD of 
transition media is given in product detail sheet in Appendix A.  
4. Ponding zone: A Ponding zone is included in design specifications to 
provide temporary storage of stormwater runoff, to control over flow 
quantities and to provide head to initiate and facilitate infiltration process 
through the filter.  
 
Figure 3.1: Dimensions of zones of stormwater biofilter, according to guidelines 
The total length of the column was determined encompassing the length of each zone 
as described in design guide lines (Gold Coast City Council, 2003). Accordingly, a total 
length of 1.5 m was selected, with a free board of 100 mm. Five biofilter columns 
800 mm 
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were fabricated according to the design described above, specifications of the 
columns are shown in Figure 3.2. All columns were not covered as it was necessary 
to monitor the process of wetting. However, the columns were not exposed to 
sunlight, as the columns were installed insde the laboratory. 
 
The three materials (filter, transition and gravel) were packed to the heights shown 
in Figure 3.1. However, due to preliminary stabilisation of the filters, they were 
packed to a higher height (200 mm more) so that they could settle to respective 
heights in the column. In addition, the boundary and wall effects in column studies 
are negligible if the column diameter is more than ten times the diameter of the 
particles (Rajapakse and Fenner, 2011). Diameter of the biggest particle in the filter 
material in this study is 1 mm, where the column diameter is 94 mm (94 times). Any 
boundary and wall effect in this column study is therefore, negligible.  
2
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Figure 3.2: (a) Schematic diagram of biofilter columns and (b) detail of the sampling port 
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Figure 3.3: Photographs of the fabricated and packed experimental biofilter columns (a) zones of biofilter 
columns, (b) packing of material corresponding to each zone and (c) experimental set up with biofilter columns, 
feed chambers and metering pumps 
 
Figure 3.3 shows the dimensions of biofilter columns (a), the packing of biofilter 
columns (b) and the experimental set-up with experimental biofilter columns, 
simulated stormwater chamber and metering pumps. The next section discusses 
preparation of simulated stormwater in the laboratory.  
 
  
(a) (b) (c) 
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3.3 Preparation of simulated stormwater 
Two experimental factors investigated in this study were Antecedent Dry Days (ADD) 
and inflow concentration (IN) of pollutants (nitrogen and TSS). In order to investigate 
the impact of ADD on the dynamics of pollutant removal, all other factors including 
inflow concentrations of pollutants were required to be maintained constant 
throughout that phase of the experiment. In addition, particular strength of inflow 
stormwater for the experiment with varying inflow concentration of pollutants was 
required. Natural stormwater is highly variable in pollutant strength depending on 
several factors as discussed earlier (Chapter 2). Furthermore, several extended 
rainfall events had to be simulated over a short period of time that would span years 
of operation of a field-scale system. Large amounts of stormwater feed were 
therefore required over a short time period. Therefore, in order to maintain 
consistency in the strength of inflow stormwater and in substantial quantities, 
simulated stormwater was used for this study, that is a common practice in 
laboratory-scale studies.   
Concentrated simulated stormwater was prepared in the analytical laboratory by 
mixing selected chemicals with tap water that represented the pollutants identified 
for this study. Natural stormwater consists of several pollutants as discussed earlier 
(Chapter 2) that is hard to be replicated in the laboratory. Tapwater was preferred 
over deionised water in many laboratory studies, where tapwater contains some salts 
and ions compared to deionised water that is too pure and devoid of any salts or ions 
(Blecken et al., 2008; Blecken et al., 2009a, b, 2010b; Davis et al., 2001; Davis et al., 
2006; Davis et al., 2003; Hatt et al., 2007; Hsieh et al., 2007a; Li and Davis, 2008b; 
Zinger et al., 2007). Tapwater, after storing in the laboratory overnight, was tested 
for chlorine content using DPD tablets, and chlorine content was found to be 
negligible. Therefore dechlorination of tap water was not required here. In addition, 
tap water was preferred over deionised water, as deionised water would adsorb 
minerals from the filter media. The following chemicals were added to tap water to 
generate pollutants: 
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1. For Total ammonium-nitrogen and nitrate-nitrogen – ammonium nitrate 
(NH4NO3); 
2. For organic nitrogen and organic carbon – glycine;  
3. For Total Suspended Solids – 1:1 mixture of kaolin and montmorillonite). 
Scope of the study was limited to the analysis of removal of TSS and Total Nitrogen 
(TN). Therefore, only nitrogen compounds and solids were added to tapwater, while 
the tap water contained other common minerals and salts. The chemicals added to 
represent nitrogen and solids are based on the constituents of feed used in the 
studies reported earlier that used simulated stormwater as the feed for laboratory-
scale studies. During the study on preliminary stabilisation of the biofilter columns 
(see Chapter 5), it was observed that, only particles of sizes less than 10 microns were 
washed off. The current study therefore, was designed to understand the dynamics 
of fine particles (typically less than 10 microns in diameter) under intermittent 
wetting and drying. In addition to usual substance kaolin that was used in past studies 
to represent fines, the current study also included montmorillonite to represent the 
fraction of fine particles in stormwater that contain charged sites. In contrast to 
kaolin that seldom has any charge sites on its surface, montmorillonite has higher 
negatively charged sites on its surface, that are capable of attracting positively 
charged ions in stormwater runoff.  
The standard simulated stormwater was designed to cater for the mean 
concentration of pollutants based on the observations by Parker (2010) and Liu 
(2011).  
Total nitrogen (TN)   = 5.5 mg/L 
Total Suspended Solids (TSS) = 100 mg/L 
Standard simulated stormwater was used in Experiment 01 that had varying 
antecedent dry days (ADD) and constant inflow concentration of pollutants (IN), 
while concentration of pollutants in the feed were varied for Experiment 02.  
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3.4 Design of Experiments 
Five experiments were conducted for this study. The first two studies were based on 
stabilisation of the biofilter columns, while the next two experiments examined 
pollutant removal under intermittent wetting and drying. The last experiment was 
designed to analyse retention of moisture in the biofilter in between events. This 
section is therefore divided into five sub-sections, each discussing one of the 
experiments carried out.  
 
3.4.1 Preliminary Stabilisation of Biofilter Columns 
The columns were packed according to the guidelines, and were monitored for 
stabilisation by feeding tap water into the columns, prior to the scheduled 
experiments (Gold Coast City Council, 2003). A very significant flush of solids was 
observed in the outflow (very high turbidity) from the columns over the first few 
events. An event in this study referred to each feeding of a biofilter column. Although 
the experiment was designed to analyse the process of stabilisation of biofilter 
columns, the first couple of events produced high turbid outflow. A replicated 
experiment was therefore undertaken in four of the columns to understand the 
dynamics of column stabilisation.  
Five events were carried out on four columns, after packing them according to 
guidelines. During each event, biofilter columns were fed with only tapwater at a 
feeding rate of 100 mL/min for three hours. There were 3 – 4 days left for the columns 
to dry in between two consecutive events. The feeding rate (100 mL/min) was 
computed based on the 3 month ARI of Southeast Queensland, Australia, that was 34 
mm/h rainfall, and also assuming that area of stormwater biofilters were designed to 
cover 3.5 % of the catchment area (Parker, 2010). Although 3 month ARI used here 
indicated that a rainfall duration of 30 minutes, experiment was performed at the 
same feed rate for 3 hours in order to understand the dynamics of pollutant removal. 
However, after the ponding level reached the height of 350 mm, the feed rate was 
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then reduced to maintain a constant head. This reduced the quantity of inflow 
significantly. In natural system, the reduced flow corresponds to overflow.  
Samples were collected from the outflow drain channel over the whole period of each 
event (event mean concentrations). An event mean concentration of TSS were 
determined by filtering representative sample through 0.45 micron filter paper using 
a vacuum pump and samples were then dried in the oven at 1050C for 24 hours. In 
addition, Malvern Mastersizer S instrument, that produces PSD based on the volume 
of particles.  
When the columns were installed, packing was not compacted. Due to this, the filter 
layer was only loosely packed. It was observed during this analysis, that the outflow 
of the first event had very high concentration of solids (4000 – 5000 mg/L). 
Furthermore, the filter bed settled significantly after the first event on all four 
columns monitored (by around 200 mm). It was also noted, that the consecutive 
events however, did not cause any further settlement of the filter layer. Therefore, 
the columns were fed (four events) with tap water (at 100 mL/min feeding rate) after 
the installation and packing of the filter, to remove any loose material from the filter 
bed and to settle the filter bed, prior to the experimental runs. The columns were 
assumed to have settled in a uniform and similar manner. Detailed description of 
preliminary stabilisation is discussed in Chapter 5. Table 3.1 shows the schedule of 
Preliminary stabilisation experiment and soil moisture experiment. 
Table 3.1:  Schedule of Preliminary stabilisation experiment and Soil moisture experiment (C01 – C05 refer to 
column numbers 1 – 5) 
                   
 1 2 3 4 5      1 2 3      
C01                   
C02                   
C03                   
C04                   
C05                   
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3.4.1Soil moisture retention experiment 
Four experimental columns were freshly packed and preliminarily stabilised. 
Following preliminary stabilisation, the columns were fed again with tapwater and 
were left to drain and dry continuously for 40 days.  Soil samples from the filter 
material were drawn on different number of dry days (0, 1, 2, 4, 8, 12, 21 and 40 days) 
from five different depths (as shown in Figure 3.2) in order to monitor soil moisture 
content with depth and number of dry days. Soil moisture content at different depths 
and different number of dry days were used to quantify volume of water retained in 
biofilter columns during the dry phase, which is discussed in detail in Chapter 4.  
 
3.4.2 Stabilisation experiment 
In order to understand the behavioural dynamics of filter material constituents, 
particularly solids and organic matter that was added, another set of experiments 
were carried out.  One of the five biofilter columns was fed with tapwater alone, 
which had no solids (no turbidity) and minimal amounts of Total Organic Carbon (2 – 
3 mg/L).  
The experiment was conducted for consecutive events, whereby the biofilter column 
(hereafter referred to as C05) was fed at a feeding rate of 100 mL/min for three hours. 
Description of event characteristics was discussed earlier. As C05 (and also 
experimental columns) were not dismantled and re-packed between events, each 
consecutive event on each column was given an Event Number (EN) with an 
increment of one (EN 1, EN 2, EN 3 and so one for the first, second and third events 
etc). Increasing EN therefore, corresponds with the age of filter. This exercise was 
repeated for ten consecutive events. Although the feed for all ten events was 
consistent (tapwater), the number of days left between two consecutive events 
(antecedent dry days – ADD) was varied in this experiment. Monitoring the draining 
following an event, it was observed that it took approximately 16 – 20 hours for the 
draining to almost completely stop (until no drops emerging in the outflow for more 
than 1 hour). Therefore zero ADD was considered to be a 24 hour lapse period 
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between two events (a second event simulated next day was considered as 0 ADD). 
Accordingly, 0, 2, 4, 7, 9, 12, 21 and 40 days of ADD were considered for this exercise, 
with two ADD repeated (0 and 7) to understand the impact of EN on the dynamics of 
filter material. Sample collection and testing for this exercise is discussed in section 
3.5. Table 3.2 shows schedule of Stabilisation experiment, Experiment 1 and 
Experiment 2.  
Table 3.2: Schedule of Stabilisation experiment, Experiment 1 and Experiment 2 
 Event Number (EN) 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
C01                   
C02                   
C03                   
C04                   
C05                   
 
3.4.3 Experiment 01 – Varying ADD 
Antecedent dry days (ADD) is an important factor that relates to the length of time a 
biofilter remains dry in between two consecutive rainfall events. Pollutant removal 
processes, particularly biological and biologically assisted processes are vulnerable, 
because growth of microorganisms is influenced by moisture levels. Nitrogen species 
including ammonium-nitrogen and nitrate-nitrogen are removed by nitrification and 
denitrification processes that are assisted by microorganisms. In addition, 
nitrification and denitrification processes require completely different physical 
environments, which were discussed in detail earlier (Chapter 2). Analysis of the 
dynamics of both pollutants (ammonium-nitrogen and nitrate-nitrogen) would help 
understand the behaviour of microorganisms under intermittent wetting and drying 
in relation to moisture levels and specific environments. Furthermore, nitrogen is an 
important pollutant in stormwater that can have detrimental impacts on water 
resource. Nitrogen was therefore chosen as a pollutant to be analysed in this study. 
Water treatment filter systems are often reported to go through a phase of 
stabilisation known as ripening period, following fresh installation or backwashing. 
Experiment 1 Experiment 2 
Stabilisation experiment 
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Dynamics of solids in biofilters depend on physical and chemical processes unlike 
nitrogen removal processes (Chapter 2). In addition, as will be discussed later 
(Chapter 5), wash off of fine particles from the filter layer during preliminary 
stabilisation necessitated analysis of the dynamics of fine particles (TSS) under 
intermittent wetting and drying. Therefore, first experiment (Experiment 01) 
examined the impact of ADD on pollutant removal (nitrogen and fine particles) 
dynamics in biofilter columns.  
While C05 was used for stabilisation experiment, the first four biofilter columns were 
used in this experiment (Experiment 1). All four columns were preliminarily stabilised 
for 2 weeks (2 events per week), as described in section 3.4.1 under preliminary 
stabilisation experiment. Following preliminary stabilisation, the four columns were 
fed with standard simulated stormwater (as discussed in 3.3) with concentrations set 
at 5.5 mg/L and 100 mL/min for TN (2.0 mg/L nitrate-nitrogen, 1.5 mg/L ammonium-
nitrogen and 2.0 – organic-nitrogen) and TSS respectively. Number of ADD was varied 
from 0 – 56 days (0, 1, 2, 4, 6, 7, 12, 13, 21, 31, 35, 41 and 56 days), with different 
schedules imposed on all four columns. As discussed earlier, since the columns were 
not dismantled and re-packed between events, increasing EN for each column 
represents age of the biofilter. EN therefore was also considered as a variable in this 
study.  
 
3.4.4 Experiment 02 – Varying inflow concentrations 
The four biofilter columns used for Experiment 01, were used continuously and were 
not dismantled and re-packed for Experiment 02. Inflow concentration of pollutants 
have been observed to affect removal efficiency of biofilter columns in previous 
studies (Davis et al., 2006; Davis et al., 2003). Experiments referred to earlier 
however, were not designed to analyse the impact of ADD. This experiment was 
intended to analyse the impact of variable inflow pollutant strength of simulated 
stormwater on the performance of pollutant removal in biofilter columns.  
Inflow concentrations were varied as given below: 
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 Ammonium-nitrogen: 0 – 4.5 mg/L 
 Nitrate-nitrogen: 0.5 – 6.0 mg/L 
 Total nitrogen: 0.5 – 17.0 mg/L 
 Organic-nitrogen: 0 – 6.5 mg/L 
 Total Organic Carbon: 2.0 – 15.0 mg/L 
 Total Suspended Solids: 0 – 500 mg/L 
Stabilisation experiments carried out on the fifth column were also considered in this 
analysis, where tapwater had the minimum concentration of pollutants in the feed 
water.  
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3.5 Sample Collection, Testing and Quality Control 
3.5.1 Monitoring hydraulic processes 
Hydraulic processes play an important role in biofilters in transporting and 
distributing pollutants to their respective removal sites. This was discussed in detail 
earlier (Chapter 2). Therefore, monitoring the variation of flow rates and ponded 
volumes was an important aspect in this study.  
 
Figure 3.4: Scale used in biofilters to monitor (a) ponding level, (b) wetting front progression and (c) levels at 
which air-pockets (unsaturated zones) were observed 
(a) (b) 
(c) 
Ponded water 
Wetting front 
Air pocket 
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Biofilter feeding rates were maintained at a constant level using Metering pumps. 
Based on the feed rate, total volume of water fed to the column at any point of time 
was estimated. In addition, a scale with a scale interval of 1.25 mm, was pasted onto 
the column across its whole length. This scale was used primarily to monitor three 
aspects of hydraulic processes in biofilters, as shown in Figure 3.4: 
1. Ponding level (Figure 3.4a) – Level of water in the ponding zone was monitored 
periodically based on which total volume of water in the ponding zone was 
computed at any point of time. Using water mass balance (water budget), 
volume of water infiltrated through biofilter columns were computed at any 
particular time during an event.  
2. Wetting front (Figure 3.4b) – When the biofilter column was sufficiently dry, 
progression of the wetting front was distinctively visible as shown in Figure 
3.4b. Using the scale, the movement of wetting front was monitored with 
time by measuring the depth it reached at regular intervals. During the 
process of wetting (described in detail in Chapter 4), the speed of the wetting 
front at different depths were recorded.  
3. Occurrence of air-pockets (Figure 3.4c) – Depth at which development of 
unsaturated zones (will be discussed in Chapter 4) was observed and recorded 
using the scale.  
In addition, the time taken for the start of outflow from the start of feeding the 
columns was monitored and recorded for each event while the level of water in the 
ponding zone, was also monitored simultaneously. Using total volume of water in 
ponding zone and total volume of water fed to the column in that time, total volume 
of water infiltrated into the biofilter column from inflow of current event was 
recorded. Using these data total volume of voids remained unfilled until that point of 
the event were computed and analysed (will be discussed in detail in Chapter 4).  
After the beginning of outflow, samples were drawn at selected times as discussed in 
the next section. Outflow rates were recorded by measuring the time taken to collect 
250 mL of sample at each sampling time. Water level in the ponding zone at the time 
samples were taken was also recorded. Once the ponding level had reached 350 mm, 
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the feeding rate was reduced to outflow rates computed to maintain a constant head 
(this situation corresponds to over flow in field-scale operations). The ponding level 
was monitored frequently to maintain a constant ponding level. Outflow rates and 
respective ponding levels were used to compute average saturated hydraulic 
conductivity as discussed in chapter 4.  
 
3.5.2 Sample Collection, transportation, testing and 
storage 
During the Preliminary stabilisation experiment, event mean concentration of total 
solids was determined by an evaporation method conducted on a 100 mL 
representative sample drawn from the complete outflow collected during an event. 
These samples were tested for total solids by drying known volume of samples in 
oven set at 1050C for 24 hours. As a control, tapwater was also monitored for total 
solids and the difference was considered as the mass of solids washed off from the 
filter layer. 
During each event in the other three experiments (Stabilisation experiment, 
Experiment 1 and Experiment 2), water samples were collected from the out flow at 
different time intervals at 2, 7, 12, 20, 30, 60, 90, 120 and 150 minutes from the 
beginning of outflow. Each sample was 250 mL in volume and samples were 
preserved according to testing protocols for each pollutant monitored  (APHA, 2005). 
All samples collected were tested for pH and stored immediately at 40C and brought 
to the analytical laboratory for testing on the same day.  
Each sample was tested for the following parameters: 
 total organic carbon (TOC) was tested on each sample using a Shimadzu TOC 
analyser while after addition of an NM-1 TN measuring Unit, total nitrogen 
(TN) was also tested on the same instrument. After filtering through a 0.45 
micron filter, samples were tested on the same instrument for dissolved 
organic carbon (DOC); 
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 nitrate-nitrogen, nitrite-nitrogen and total phosphates were tested on Ion 
Chromatography System DIONEX ICS-2100; 
 ammonium-nitrogen was tested on AQ2 SEAL Discrete Multi-chemistry 
Analyser; 
 turbidity was estimated using TU – HACH DR/700 Colorimeter 
Based on the parameters tested above: 
 total Kjeldhal nitrogen (TKN) was estimated by subtracting nitrate-, 
ammonium-, and nitrite-nitrogen from total nitrogen; 
 using calibration graphs from standard solution, concentration of total 
suspended solids to corresponding turbidity was determined. Due to very low 
concentrations of solid in the outflow and limited volume of samples, direct 
determination of total suspended solids was not possible. 
Outflow samples were also tested for particle size distribution (PSD) using a Malvern 
Mastersizer S, that estimated the distribution based on the percentage volume of 
particle sizes using laser diffraction approach.  
Soil samples from the biofilter collected from different depths on different number 
of dry days were monitored for moisture content by estimating the difference 
between fresh samples with moisture and after drying the sample in oven at 1050C 
for 24 hours (APHA, 2005). The average moisture contents from the four different 
columns on three events were considered for analysis.  
After analytical tests, remaining samples were stored at 40C until the test results were 
confirmed through analysis.  
 
3.5.3 Quality Control 
Quality of the study and acquisition of data were assured by following Australia/New 
Zealand Standards (AS/NZS 5667.1, 1998). 
 Concentrated simulated stormwater was prepared in the analytical 
laboratory, and transported to experiment workshop at Banyo and stored at 
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40C and used for experiments within two weeks of preparation. A sample of 
500 mL of concentrated simulated stormwater was stored in analytical 
laboratory. In addition, blank samples were taken and stored in a container 
similar to those used to transport concentrated simulated stormwater to 
Banyo. On days when outflow samples from events were tested, 50 mL 
samples of each concentrated simulated stormwater and blank sample stored 
in the analytical laboratory were drawn and tested simultaneously. This was 
done throughout the experimental period as a quality control measure and to 
detect any possible contamination during transportation of concentrated 
simulated stormwater, or any contamination form the container or any 
transformation of pollutants occurring during the period concentrated 
simulated stormwater was stored and used (2 weeks); 
 The concentrated simulated stormwater was diluted with tap water to obtain 
the feed with the required concentration of pollutants for each event, at the 
workshop in Banyo. A portion of this feed simulated stormwater was collected 
and stored at room temperature for the length of the experiment, to monitor 
if the quality of the feed changed across the experimental period depending 
on ambient temperature. Another inflow sample was drawn and stored under 
40C to test for inflow quality for each event. In addition, blank samples and 
tapwater samples were collected at the time each experiment commenced 
and samples were stored in the same container in which the outflows from 
the columns were collected. This was used to check for any contamination 
from the container and to monitor the consistency of the quality of tapwater 
across events simulated on different days; 
 Analytical tests were carried out on all samples within two weeks of sampling, 
well within the timeframe suggested by the test standards (28 days). This 
ensured that test results represented the quality of the pollutant as it was at 
the time of sampling. Samples were handled (preserved, stored and 
transported) as specified in the test methods; 
 Analytical testing instruments were programmed to test at least three 
repetitive tests on each sample and their average were considered. It was also 
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programmed to carry out two more tests, if the difference between the three 
results obtained earlier, differed by more than 10%; 
 During the testing of a batch of samples in the analytical instruments, a 
sample was repeated once every ten samples to ensure precision of results. 
Standard solutions and blank samples were also used as check standards to 
check the accuracy of test results. Tests were re-run when any discrepancy 
between the accuracy of the precision test results were observed.  
 The containers were washed five times with distilled water between each 
sampling to avoid any possible contamination of samples; 
 Standard solutions for analytical tests were prepared by the same laboratory 
technician in order to maintain consistency of testing procedures; 
 A protocol for labelling sample bottles was carried out to avoid any confusion. 
Good laboratory practices were followed at all times to prevent any 
contamination of samples.  
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3.6 Data Analysis 
Analysis of data played a crucial role in determining impacts of variables on outflow 
quality in this study. There were four independent variables intended to be analysed 
in this study: 
1. Antecedent Dry Days (ADD) 
2. Event Number (EN) – age of filter 
3. Inflow concentration of pollutants in the current event (IN) 
4. Inflow concentration of pollutants in the previous event (PRE) 
Outflow pollutant concentration was the dependent variable in this study. In order 
to understand the dynamics of pollutant removal, outflow pollutant concentration at 
different times (2, 7, 12, 20, 30, 60 90, 120 and 150 minutes) were considered as 
separate dependent variables (min2, min7, min12, min20, min30, min60, min90, 
min120 and min150). This is discussed later in this section.  
3.6.1 Graphical representation techniques 
Experiment 01 was conducted by maintaining inflow concentrations at a constant 
level, and varying ADD and EN. Initially graphical representation techniques were 
used to interpret general trends in the data obtained in Experiment 01. Trends in 
stabilisation, occurrence of peak concentrations, and variability in removal of 
pollutants with time were some of the common observations made using graphical 
techniques. In contrast, all four variables were varied in Experiment 02, where 
interpretation of graphical representation of data was highly limited. However, 
general trends on the impact of PRE and IN were identified and observations were 
made on variation of their impacts on outflow quality depending on ADD and EN.  
Furthermore, due to experimental procedure, EN as a variable varied and could not 
be controlled directly. This impacted quality of outflow in all experiments. For a 
comprehensive analysis of data to confirm variation in the impacts of each variable 
on outflow quality, multivariate and modelling statistical tools were employed.  
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3.6.2 Mean comparison – Paired sample t-Test 
Tools that compare means of two different populations are often employed in 
research analysis to test if the means of the two groups are significantly different 
from each other. A significant difference between the means of the two groups 
tested indicates a significant difference between samples of the two groups and that 
the difference results from the varied factors. Paired sample t-Tests are a type of 
mean comparison test, which can be employed on a continuous dependent variable 
between two different groups tested under different conditions. A general 
assumption required for paired sample t-Test is that the difference between the 
samples is normally distributed and while no outliers are present.  
The null hypothesis for a paired sample t-Test is:  
H0: the population mean difference between the paired values is equal to zero (i.e. 
μdiff = 0) 
The alternative hypothesis is:  
HA: the population mean difference between the paired values is significantly 
different from zero (i.e. µdiff ≠ 0) 
Based on the level of significance (usually p = 0.05 – 95% confidence), the null 
hypothesis can be either accepted or rejected. Rejection of the null hypothesis 
indicates a significant difference exists between the two populations considered.  
Paired sample t-Tests were employed in this study to identify if the concentration of 
pollutants at any particular time of outflow was significantly different from 
concentration of that pollutant at that time of outflow in another event. For example, 
turbidity at min60 from experiments on stabilisation (C05 experiments) was 
significantly different from turbidity at min60 on events simulated on the 
experimental columns.  
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3.6.3 Principal Components Analysis 
Principal components analysis (PCA) is a multivariate analytical tool employed to 
investigate patterns in a data matrix that have multiple dimensions of independent 
and dependent variables, by reducing the dimensions of the matrix. PCA analysis 
essentially resorts multidimensional data matrix to ranked principal components 
based on the percentage of variance that each factor or combination of factors 
contributes to the total variance. 
PCA analysis depends on four primary assumptions:  
1. Presence of multiple variables that are continuous 
2. A linear relationship exists between the variables 
3. The data matrix is adequately large enough 
4. Outliers are not present in the matrix 
KMO (Kaiser-Meyer-Olkin) and Bartlett’s Tests are often employed prior to a PCA 
analysis on the data matrix to test validity for applying a PCA analytical approach. The 
higher the coefficient obtained the more appropriate is PCA analysis for the data 
matrix. Generally a KMO coefficient greater than 0.5 is assumed sufficient to conduct 
a PCA analysis.  
Initially in a PCA analysis, components are extracted and only meaningful 
components are retained. The data matrix is then rotated on the maximum variance 
of the meaningful components selected to produce the scores and contributions from 
each variable to the principal components are then extracted.  
Outcomes of a PCA analysis can be related to: 
1. Removal of unrelated variables: presentation of PCA analysis results would 
reveal clusters of cases (events) and variables depending on their contribution 
to the principal component they are related to. This would highlight the 
presence of variables that are independent of the data matrix or independent 
of other variables that explain the data matrix sufficiently. 
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2. Reduction of redundancy: as mentioned earlier, PCA analysis classifies 
variables based on their relative contribution to the principal components 
resolved in the analysis. In order to reduce dimensions of the data matrix, it 
is essential to identify variables that are very similar or that are based on the 
same construct where analysing one of them would substantially explain the 
impact of that group of variables. The variable that represents such a group 
of variables is called a surrogate variable that can be easily identified in a PCA 
analysis.  
Employing PCA analysis in this study is based on the premise that where a dependent 
variable and an independent variable have equal contribution on a particular 
principal component, the independent variable is concluded to have higher impact 
on the dependent variable that is in close proximity. Based on the Eigen values 
obtained for the principal components extricated in the analysis, components with 
an Eigen value greater than 1.0 are conventionally concluded to be the principal 
components. In most cases, the first two principal components sufficiently explained 
the variances in the data matrix analysed, even though occasionally three 
components had Eigen value greater than 1. Therefore, plots of the variables (both 
independent and dependent) are given with regards to the coordinate of the first two 
principal components. Observation of the influence of an independent variable on 
dependent variable would be reflected in the plot, where the two variables would be 
clustered in close proximity. Location of variables that compose an acute angle at the 
origin would indicate a dependency between the variable (smaller the angle, stronger 
the dependency), while the variables that are orthogonal to each other indicate that 
they are independent of each other. In a similar way, variables that compose an angle 
of 1800 at the origin indicate a negative relationship between the variables. 
Relationships apparent in a PCA analysis are not determinative, rather they provide 
only a primary indication of possible relationships. The next section describes the 
tools used to confirm correlations detected in a PCA. 
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3.6.4 Correlation analysis 
Although PCA analysis reduces the dimensions of the data matrix by identifying 
related variables and thereby reducing redundancy, results from a PCA analysis can 
be reflected by the choice of variables considered in the analysis. Any relationships 
observed in a PCA analysis are therefore considered to be only a preliminary data 
reduction and pattern recognition technique that requires more determinative 
statistical analysis.  
Correlation analysis is a statistical tool often employed in studies to identify linear 
relationships between variables. Relationships observed in a PCA analysis can be 
further validated if correlations between variables are significant in a subsequent 
correlation analysis.  
Pearson correlation analysis is a specific type of correlation analysis that is often used 
to test PCA relationships. Pearson correlation analysis produces two statistics:  
1. Pearson’s correlation coefficient 
2. Significance of any correlation detected 
Pearson’s correlation coefficient measures the strength and direction of a linear 
correlation between two continuous variables. A positive correlation indicates that 
each variable is directly proportional to the other, while a negative correlation 
coefficient indicates that each variable is inversely proportional to the other. The only 
conditions required to be met for a correlation analysis are that both the variables 
are continuous and paired (equal number of cases available for each variable).  
Pearson’s correlation coefficients also provide significance. Lower the significance, 
generally p = 0.05 or less for 95% confidence, indicates higher significance of 
correlation between the two variables. Therefore, a high Pearson’s correlation 
coefficient with p<0.05 indicates a very strong correlation between the two variables 
that is statistically highly significant (95% confidence). However, a high Pearson’s 
correlation coefficient with p>0.05 indicates a strong correlation between the two 
variables yet, not statistically significant.  
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Pearson’s correlation analysis was used here to test correlations between 
independent and dependent variables.  
 
3.6.5 Regression analysis 
Regression analysis is an important tool for analysing data, most specifically 
relationships between two variables. Regression analysis often can produce a 
function that can be used to predict values of dependent variables based on values 
of independent variables. Regression analysis is often used after correlation analysis, 
when a relationship between two variables has been statistically verified via 
correlation analysis. Regression analysis can be either linear or non-linear. Linear 
regression assumes that correlation between the dependent and independent 
variables is linear and hence result in a first order function (straight line plots). In 
contrast, non-linear regression does not necessarily assume a linear relationship 
between independent and dependent variables, and hence the models reflect 
complex functions such as exponential function and polynomial functions.  
Regression analysis could be either simple or multiple in nature. Simple regression 
analysis is the prediction of a single continuous dependent variables based on a single 
independent variable. For a simple linear regression, the function would be in the 
form of y = m*x + c, where y is dependent variable, x is independent variable and m 
and c are fitting parameters. On the other hand, a multiple linear regression would 
be the prediction of a single continuous dependent variables from several 
independent either continuous or categorical variable. The same analogy applies to 
simple and multiple non-linear regression analysis.  
Regression analysis accompanied by the root mean squared value (R2) for the model 
fit, that indicates the suitability of the model to predict the dependent variable based 
on the independent variables. The maximum value for R2, that is 1, indicates perfect 
fitting of the model for the data matrix, with no error in prediction, while a value of 
1 indicates that the model completely failed and cannot be employed. Generally a 
value more than 0.3 indicate a significant fit of the model for the data matrix, 
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especially in natural systems where several hidden factors play a major role, while a 
value more than 0.5 indicates a very significant fit, yet significant influence of 
variables not considered affect the dependent variable predicted. Values more than 
0.75 indicates higher significance where the model is capable of predicting 
dependent variable with the independent variables considered. 
 
3.6.6 Software packages and tools used 
Several statistical and modelling software packages were employed here. For basic 
statistical analysis SPSS (IBM version 21) was used while XLSTAT, an add-in package 
for Microsoft Office, Excel 2010 was also used graphical presentations.  
Software called Datafit, from Oakdale Engineering (version 9.1) was used for initial 
regression analysis. In order to visualize the model plots in 3 dimensions, the curve 
fitting toolbox in Matlab 2013a was also utilised.  
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3.7 Summary 
The basic aims of the study were to understand the dynamics of pollutant removal 
under intermittent wetting and drying in stormwater biofilters, and laboratory-scale 
study was the most suitable option for this as environment could be controlled. Five 
laboratory-scale biofilter columns were designed and fabricated and packed 
according to standard guidelines. Simulated stormwater was prepared in the 
laboratory as the feed for biofilter columns, due to the consistency in inflow quality 
and the volume of feed required over a short time period. Ammonium nitrate and 
glycine (to represent nitrogen species of pollutants in stormwater) and kaolinite and 
montmorillonite (to represent total suspended solids) were added to tapwater to 
produce simulated stormwater.  
Five different experiments were carried out in this study. The first experiment 
analysed the preliminary stabilisation process of biofilter columns after fresh 
installation. This was carried out on the first four biofilter columns. Period of 
preliminary stabilisation in terms of number of events were determined in this 
experiment. Columns were then dismantled and re-packed after the preliminary 
stabilisation experiment. The second experiment was based on stabilisation of the 
filter beyond preliminary stabilisation and was conducted on the fifth biofilter 
column, using tapwater alone as the feed. The third and fourth experiments 
(Experiment 1 and Experiment 2) were conducted using four columns, after 
preliminarily stabilising the filter using simulated stormwater as the feed. In 
Experiment 1, four biofilter columns were fed with constant strength of simulated 
stormwater (standard simulated stormwater with mean concentration of pollutants) 
while varying antecedent dry days (ADD) and event number (EN) were varied. In 
Experiment 2, the four columns were fed with different strengths of simulated 
stormwater, while varying ADD and EN. Outflow samples were drawn at different 
times (2, 7, 12, 20, 30, 60, 90, 120 and 150 minutes from the beginning of outflow) 
and were tested for ammonium-nitrogen, nitrate-nitrogen, nitrite-nitrogen, total 
nitrogen, total organic carbon, dissolved organic carbon, phosphates and turbidity.  
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The fifth experiment was conducted on four columns to monitor variation in moisture 
content in the filter layer during the dry-phase, in between two consecutive events. 
After preliminarily stabilising the four columns, they were fed with tapwater alone 
and left to dry over the course of 40 days. Soil samples were drawn from five different 
depths in the filter, on different number of dry days. Each sample was tested for 
moisture content.  
Quality of data was ensured by following standard guidelines on laboratory practices 
and protocols for testing of each parameter. Blank samples and control samples were 
drawn and tested simultaneously to monitor quality with regard to potential 
contamination. Repetition of test samples and usage of check standards were 
followed to ensure accuracy and precision of the data obtained, respectively.  
Interpretation of graphical representation of data obtained was the primary data 
analysis tool used to understand the general pattern and trends in data and impact 
of independent variables on dependent variables. Due to the nature of the study, that 
involved several dependent and independent variables, multivariate statistical tools 
were employed for comprehensive analysis of the data. Paired sample t-Tests, 
Principal Component Analysis, correlation analysis and regression (both linear and 
non-linear) were the statistical tools employed for data analysis and prediction 
modelling purposes. SPSS (IBM version 21), XLSTAT, Datafit (version 9.1) and Matlab 
(version 2013a) were the software packages used for data analysis. Detailed 
description of results and data analysis is discussed in following chapters.  
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CHAPTER 4       
DRY- AND WET-PHASES OF 
BIOFILTERS  
4.1 Background 
The importance of hydraulic processes in pollutant removal in stormwater biofilters 
has already been discussed in Chapter 2. Moisture levels in biofilters significantly 
affect efficiency of microorganism dependent biological processes. Unlike in a 
continuously fed biofilter where its moisture levels will be constant (mostly saturated 
filter), systems with intermittent feed are subjected to dynamic moisture levels. 
Understanding the variations in moisture levels in biofilters with depth and different 
number of dry days is therefore vital in analysing pollutant removal.  
Hydraulic processes in biofilters can be divided into three phases: 
1. Dry-phase of an event; 
2. Progression of wetting front; 
3. Wet-phase of an event. 
The first phase examines the dynamics of moisture content in biofilters depending on 
two primary factors; depth in the filter and number of dry days. Total volume of water 
retained in the filters after different levels of drying (ADD - number of dry days) were 
estimated and analysed. This highlighted the capability of the filter to sustain 
pollutant removal processes, specifically biological processes, during the dry-phase 
of events.  
The second phase focuses on the transition period at the beginning of a rainfall event 
following a dry-phase, which is referred to as the process of wetting. Parameters such 
as the speed of the progressing wetting front and occurrence of preferential flows 
and flow paths are discussed in this section. This section further analyses the 
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condition of biofilters when the wetting front reaches the outflow channel and the 
dynamics of wetting front progression with varying antecedent dry days (ADD).  
The third phase discusses the hydraulic properties and their variation under different 
ADD, during the wet-phase of events. An important hydraulic parameter often 
monitored in biofilters, flow rate, is examined under various ADD. This section also 
analyses the total water mass budget in the system. Total mass budget of water in 
biofilters is a crucial factor affecting total mass removal of pollutants.  
Finally, the premise for dividing an event into dry-phase and wet-phase is developed 
based on the analysis of hydraulic properties of biofilters under intermittent wetting 
and drying.  
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4.2 Filter layer in between rainfall events 
This section analyses the variation of soil moisture in the filter layer in between two 
rainfall events. Figure 4.1 shows variation in degree of saturation (volumetric) at 
different heights in the filter layer with increasing number of dry days (ADD – 
antecedent dry days). Five points were chosen at different heights (0.95, 0.9, 0.6, 0.3 
and 0.25 m with corresponding depths of 0.05, 0.1, 0.4, 0.7 and 0.75 m) in the filter 
layer (shown in blue on the left of the figure) and were monitored at different ADD’s 
(0, 1, 2, 4, 8, 12, 21 and 40 days). 
 
Figure 4.1: Variation in degree of saturation along the height of the filter and across varying number of dry 
days 
A distinctive pattern was evident for degree of saturation against both height and 
ADD. Considering variation at a particular ADD, degree of saturation increased with 
decreasing filter height (increasing depth), which indicated retention of more water 
at the lower end of the filter compared to the top. Further analysis of profiles 
suggested that the top 0.1 m of the filter was less saturated compared to the rest of 
the column. In the next 0.6 m (0.9 – 0.3 m) there was a gradual increase in saturation 
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and thereafter a sudden raise in degree of saturation between 0.3 – 0.25 m heights. 
Degree of saturation adopted an ‘S’ shape curve up to 12 ADD, where the gradient of 
the ‘S’ curve became steeper. Eventually, the shape of the curve lost the ‘S’ shape 
indicating a change in the drying trend.  
When drying of different layers (filter at different heights) with increasing ADD was 
considered, a rapid decrease in degree of saturation was observed in the top layer 
from approximately 40 to 10% where it approached an asymptote. In contrast, a 
gradual decrease from 60 to 40% was observed in the bottom layer by the end of 40 
days where that too reached an asymptote. The layer at a depth of 0.1 m on the other 
hand (at a height of 0.9 m), dried more slowly than the layer above until 12 ADD 
defining the ‘S’ curve, and then rapidly dried and reached an asymptote at a degree 
of saturation almost equal to that of the layer above (approximately 10%) by the end 
of 40 day. This change in drying trend was instrumental in changing the soil moisture 
profile (degree of saturation with height) where the definition of the ‘S’ curve 
disappeared.  
               
It was evident from aforementioned analysis that a significant amount of water 
remained in the filter in between rainfall events, even at higher ADD (40 days). In 
order to quantify the amount of water retained, degree of saturation was converted 
to a coefficient of volume of water retained (W) at each height (per 1 m of height) 
computed as shown in Figure 4.2. Coefficient (W) of point 1 (P1) is the water retained 
in the box shown in red-dashed line that spans 0.5 m above and below P1, assuming 
Figure 4.2: Schematic diagram of 
coefficient of volume of water retained 
1 m 
1 m 
P1 
P2 
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a constant W equal to that of P1 across the whole volume of the box in red. Similarly, 
coefficient of point 2 (P2) is the water retained in the box shown in a green-dashed 
line, that again spans 0.5 m above and below P2 assuming a constant W equal to that 
of P2 across the whole box in green .  
 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 (𝑊𝐷,𝐴𝐷𝐷)
=  
𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦
×
𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑙𝑢𝑚𝑛
100
 
Equation 4.1 
For example: 𝑊0.95,0 =  
32.73
0.47
×
0.007 𝑚3
100
= 0.00118 𝑚3  
Simarly, the coefficient W at different heights (0.95, 0.9, 0.6, 0.3 and 0.25 m) in the 
filter at different ADD were estimated from the observations of degree of saturation 
at each point. The results of the computation is shown in Figure 4.3. The trend is 
essentially similar to the trend of degree of saturation as it is a first order 
transformation (porosity was assumed constant throughout the filter layer at 0.47).   
 
Figure 4.3: Variation in coefficient of volume of water retained, along the depth of the filter and across 
varying number of dry days 
For computation of cumulative volume of water retained in the filter layer, an 
empirical model was developed based on coefficients of volume of water retained at 
different heights.  
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A model based on the Van Genuchten (Equation 4.2) model for water retention 
curves was trialled to model coefficient W with D (Depth) and ADD (antecedent dry 
days).  
𝜃(𝜓) =  𝜃𝑟 +  
𝜃𝑠 −  𝜃𝑟
[1 +  (𝛼𝜓)𝑛](1−
1
𝑛)
 
Equation 4.2 
Where; 
𝜃(𝜓) – moisture content 
𝜃𝑠 – moisture content at saturation 
𝜃𝑟 – residual moisture content 
𝜓 – total suction 
𝛼 – air entry value 
n – arbitrary constant 
According to the water retention curve, suction in unsaturated soil column is affected 
by soil moisture content. Variable D was therefore substituted for suction in the van 
Genuchten model. Using trial and error method, ADD was substituted in different 
forms (power, exponential and logarithmic functional forms) with different 
coefficients in van Genuchten model. The best fitting model that accommodated 
depth (D) and ADD to predict coefficient W is shown below (Equation 4.3): 
𝑾𝑫,𝑨𝑫𝑫 =  𝑎 +
𝑏
[𝑑𝑨𝑫𝑫 + (𝑐 × 𝑫)𝑛](1−
1
𝑛)
 
Equation 4.3 
Where: 
D – depth 
ADD – antecedent dry days 
a, b, c, d and n – fitting parameters 
Figure 4.4 shows the plot of W against D and ADD adopting the aforementioned 
function, Equation 4.3. 
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Figure 4.4: The plot of coefficient W against ADD and D 
Values obtained for fitting parameters are given in Table 4.1.  
Table 4.1: Fitting parameter values and 95% confidence intervals 
Parameter Fit value 95% confidence interval 
a 0.0002647 -0.0001506 0.0006799 
b 0.0007854 0.0002406 0.00133 
c 2.167 0.9218 3.412 
d 0.9247 0.8784 0.9711 
n 0.5411 0.3895 0.6927 
 
Model goodness of fit statistics: 
SSE (Sum of Squared Errors of prediction) = 5.626×10-7 
RMSE (Root Mean Square Error) = 0.0001268 
R2 = 0.922 
Adjusted R2 = 0.9131 
High R2 and adjusted R2 values obtained for this model together with lower SSE and 
RMSE indicated the validity of the model in predicting W from D and ADD. Figure 4.5 
shows the plot of residuals of coefficient W from the models against D and ADD. Lack 
of a trend in the residuals with D or ADD further validates the model. Figure 4.6 shows 
the 95% predictions bounds correspond to the model.  
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Figure 4.5: Plot of residual of coefficient W, against ADD and D 
 
Figure 4.6: Plot of the model function with 95% prediction bounds 
The fitting parameters obtained above were adjusted by rounding them up (within 
the 95% confidence interval) as shown in Table 4.2 
Table 4.2: Approximated fitting parameter values and 95% confidence intervals 
Parameter Fit value 95% confidence interval 
a 0.0002 -0.0001506 0.0006799 
b 0.00075 0.0002406 0.00133 
c 2 0.9218 3.412 
d 0.92 0.8784 0.9711 
n 0.5 0.3895 0.6927 
 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  107 
 
Figure 4.7: Predicted W against observed W with the trend line and R2 value of the fit 
Based on the approximated fitting parameter values, coefficient W was predicted for 
different D and ADD, and the predicted values were plotted against observed values 
and are given in Figure 4.7. The trend line was in the form of y = m*x (through the 
origin) and high R2 value (0.89) indicated higher certainty of the model to predict W 
from D and ADD  
In order to estimate the cumulative volume of water retained in the filter layer of a 
column, a trapezoidal method of numerical integration was employed. The height of 
the column was divided into eight segments (1-0.9, 0.9-0.8, …., 0.4-0.3, 0.3-0.2 m) 
and the coefficient W at the mid-point of each segment (0.95, 0.85, …, 0.35, 0.25 m) 
was estimated based on the models discussed above, for different ADDs. Based on 
these values, cumulative volume of water retained in the filter layer (0.8 m) was 
estimated for different ADD’s.  
Table 4.3: Estimation of total volume of water retained, and total volume of void available in the filter layer 
Height 
 
ADD 
0.25 
 
(m3) 
0.35 
 
(m3) 
-- 0.85 
 
(m3) 
0.95 
 
(m3) 
water 
retained 
(mL) 
void 
available 
(mL) 
0 1.5E-04 1.6E-04 -- 1.9E-04 2.0E-04 1404.1 1227.9 
1 1.4E-04 1.5E-04 -- 1.9E-04 1.9E-04 1356.1 1275.9 
2 1.4E-04 1.5E-04 -- 1.8E-04 1.9E-04 1312.0 1320.0 
3 1.3E-04 1.4E-04 -- 1.8E-04 1.8E-04 1271.3 1360.7 
4 1.3E-04 1.4E-04 -- 1.7E-04 1.8E-04 1234.0 1398.0 
5 1.2E-04 1.3E-04 -- 1.7E-04 1.7E-04 1199.6 1432.4 
-- -- -- -- -- -- -- -- 
39 7.6E-05 8.6E-05 -- 1.2E-04 1.3E-04 827.4 1804.6 
40 7.6E-05 8.5E-05 -- 1.2E-04 1.3E-04 825.5 1806.5 
y = 1.0018x
R² = 0.8919
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Figure 4.8: Volume of water retained and volume of voids available with ADD 
Table 4.3 presents a section of the data with total volume of water retained 
estimated and total volume of void available in the filter layer, at different ADDs. The 
coefficient of volume of water retained predicted from the models were divided by 
10, as the coefficient computed for 1 m height, and segments considered here were 
0.1 m deep. Total volume of void was computed based on the following equation: 
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
= 𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠 − 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 
Equation 4.4 
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠 = 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 × 𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑖𝑙𝑡𝑒𝑟 𝑙𝑎𝑦𝑒𝑟 
Equation 4.5 
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠 = 0.47 × 0.8 × 0.007 𝑚3 = 2.632 𝐿 
It is evident from Table 4.3 that there was significant amount of water (825 mL) 
retained even at the end of 40 days of drying which accounts for an average of 31% 
saturation of the whole filter layer. Figure 4.8 shows volume of water retained and 
volume of voids available with ADD. The trend in the figure indicated that the drying 
reached an asymptote (after approximately 40 days) and volume of water retained 
remained constant after 40 days of drying. The constant volume of water retained 
was obtained as approximately 820 mL that corresponds to 1812 mL of volume of 
voids available.     
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Analysis of the top layer (at a depth of 0.05 m) 
Variation of degree of saturation in the top layer of the filter layer (0.95 m) was 
analysed.  
Θ = ae(−𝑏𝐴𝐷𝐷) + 𝑐 
Equation 4.6 
Where: 
Θ – Degree of saturation 
a, b and c – fitting parameters  
 
Figure 4.9: Variation of degree of saturation (observation) of the top layer and model fit (solid line) with 95% 
prediction bounds (dashed-lines) 
Figure 4.9 shows the variation of degree of saturation of the top layer of the filter and 
model with 95% prediction bounds. Values and 95% confidence interval for the fitting 
parameters are given in Table 4.4.  
Table 4.4: Fitting parameter values and 95% confidence intervals 
Parameter Fit value 95% confidence interval 
a 31.93 21.43 42.43 
b 0.05367 0.01222 0.09492 
c 5.673 -5.6 16.95 
Model goodness of fit statistics: 
SSE (Sum of Squared Errors of prediction) = 20.66 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  110 
RMSE (Root Mean Square Error) = 2.033 
R2 = 0.972 
Adjusted R2 = 0.9608 
The R2 value of 0.96 of the model indicated that the model is valid. Figure 4.10 shows 
predicted values of degree of saturation of the top layer against observational values, 
based on the approximated fitting parameters (a = 32, b = -0.54 and c = 6). The 
correlation between predicted and observation values indicate a valid prediction of 
degree of saturation of the top layer based from ADD. The filter material therefore 
approaches a degree of saturation of approximately 6% (0.0282% water content by 
volume) beyond which, no draining or evaporation was possible under normal 
environmental conditions.  
 
Figure 4.10: Model predictions vs observations for degree of saturation of the top layer (0.95 m) 
Coefficient W that corresponds to 6% of saturation (Wr) was computed as 0.0002 
m3/m while the coefficient was computed as 0.00329 m3/m for 100% saturation 
(Ws). Considering Equation 4.3 with approximated values in Table 4.2 indicated 
similarities of fitting parameters to Wr and Ws.  
𝑾𝑫,𝑨𝑫𝑫 =  𝑊𝑟 +
𝑊𝑠 − 𝑊𝑟
4 × [𝑐𝑨𝑫𝑫 + (𝑑 × 𝑫)𝑛](1−
1
𝑛)
 
Equation 4.7 
y = 1.0633x
R² = 0.9749
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Comparing Equation 4.7 with Equation 4.2 (van Genuchten model) indicated further 
similarities. Van Genuchten model predicted the moisture content based on suction 
and arbitrary parameters, where 𝜃𝑟 and 𝜃𝑠 referred to moisture content at residual 
and saturated soil conditions. In a similar way, 𝑊𝑟 and  𝑊𝑠 in Equation 4.7 refers to 
the coefficient W at residual and saturated filter conditions.  
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4.3 Filter layer during wetting (Progression of wetting 
front) 
Progression of wetting front, essentially the process of wetting, is the transformation 
of biofilters from a drier phase to a wetter phase upon a fresh rainfall event. 
Progression of wetting front in vadose zone has been studied and modelled in the 
past, with various techniques to simulate the process. The success however, was 
attributed to several assumptions including the transformation of soil moisture 
content at the wetting front, for example, Green & Ampt model assumes a plug flow 
while Richard’s Equation is based on varying soil moisture (Bacha, 1999; Govindaraju 
et al., 2001; Kale and Sahoo, 2011; Morbidelli et al., 2012; Parlange, 1971; Talsma and 
Parlange, 1972). The aforementioned models however, more often assume uniform 
initial soil moisture content along the height of the soil profile, while varying other 
properties of the soil matrix including porosity and hydraulic conductivity as multi-
layer system that also occasionally takes into account, different initial soil moisture 
content. Multi-layer approach should also consider the hydraulic barrier effect upon 
wetting that transits between layers that is effected mainly by porosity. In contrast, 
varying initial soil moisture in a uniformly porous soil profile is not usually observed 
to display hydraulic barrier effect.  
Another very important factor that affects progression of wetting front is the 
occurrence of macro-pores. Several models based on different mechanisms have 
been proposed to model preferential flows through macro-pores either based on 
mass balance and Richard’s equation or that incorporate probabilistic models (Loes 
et al., 2010; Mallants et al., 1996; Mattern and Vanclooster, 2010; Schlather and 
Huwe, 2005; van Schaik et al., 2014; Weiler, 2005b; Zhao et al., 2010). The success of 
these models however, relies on predicting the extent of occurrence of macro-pores 
in the soil profile, both in number and size (Alberti and Cey, 2011; Beven and 
Germann, 2013; Beven and Germann, 1982; Loes et al., 2010).  
A highly preferential flow occurred in most of the experiments in this study. Figure 
4.11a shows variation observed in the speed of the wetting front with height as inflow 
stormwater infiltrated through the soil column, during three different events. A 
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general trend observed during all three events was that the speed of wetting front 
was higher in the beginning (0.5-0.6 mm/s) and then declined and reached 
approximately a same speed in all three events (0.2 - 0.3 mm/s). Figure 4.11b shows 
the level of ponding when wetting front had reached a particular height. The figure 
shows that the ponding depth increased as wetting front progressed vertically 
downwards. Increasing ponding level increased the head that drove infiltration, 
where in turn an increase in infiltration rate generally expected.  
 
 
Figure 4.11: Variation of (a) speed of wetting front with height and (b) level of ponding when wetting front 
reaches a height (and ADD and EN) 
The observation in this experiment however was the contrary where the speed of 
wetting front decreased while ponding depth increased. In addition, this occurred 
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while progression of wetting front vertically downwards increased the head further. 
Impact of head on infiltration speed in unsaturated zones is however, not comparable 
to impact of head on flows in saturated zones. Increase in head may therefore not 
necessarily increase wetting front speed in this study, provided it was an unsaturated 
flow. 
Another important observation from this study was that the speed of wetting front 
decreased with decreasing height and coincides with increasing initial soil moisture 
content that decreased with height as well. In addition, Figure 4.11a shows a drop in 
the wetting front speed during the event with 2 days of ADD (shown in red line) at 
shallower depths (100 – 150 mm) compared to other two events with 4 and 7 days 
of ADD. Analysis of initial soil moisture content from the previous section showed a 
higher degree of saturation at shallower depths until 2 days of drying compared to 4 
and 7 days of drying, where the degree of saturation at shallower depth gradually 
decreased. The drop in degree of saturation between 2 days of drying and 4 days of 
drying at a depth of 300 mm was not as significant as the drop observed in the speed 
of wetting front at 200 mm depth between events with 2 and 4 ADD. If we consider 
Richard’s equation for infiltration in an unsaturated zone with the assumption that 
the soil moisture content at the wetting front changes from a drier phase to a 
constant wet phase as the wetting front progresses, it would have essentially resulted 
in an increasing wetting front speed with higher initial soil moisture content (as the 
amount of infiltrating water required to change initial soil moisture content to the 
constant wet-phase soil moisture content would be less). In addition, suction 
decreases with increasing soil moisture content (from water retention curve) 
according to van Genutchen model (Equation 4.2). The fact that the results from this 
study contradicted this hypothesis signifies influence of other factors that were not 
monitored in the study and that are excluded in the models as well, that were crucial 
in defining the outcome here.   
Furthermore, observation from this study showed that the speed of the wetting front 
in the beginning (approximately 0.6 mm/s) was higher than the designed rainfall 
intensity (0.24 mm/s). Adjusting the speed of the wetting front with the porosity of 
the filter layer (0.47) would still produce a speed of wetting front, higher than the 
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feed rate (0.28 mm/s). This was in addition to significant amounts of feed water that 
was held in the ponding zone. This was indicated by rising ponding level that rose at 
an average rate of approximately 0.1 mm/s during the process of wetting. These 
observations suggest that the zone immediately above the wetting front was not 
saturated, as assumed in many flow models (that were based on plug-flow analysis).  
 
 
 
 
 
 
 
 
Figure 4.12 shows progression of wetting front at different heights and during 
different events. The wetting front was more often observed to be diagonal (Figure 
4.12a) or occasionally approximately horizontal (Figure 4.12b). The pattern however, 
depended neither on ADD nor height. It was therefore concluded, that occurrence of 
preferential flow was not only contrived by initial soil moisture content, rather, it was 
affected by other non-monitored characteristics of the filter layer. Pockets of 
unsaturated zones (Figure 4.12c) were often observed in the wetted column, again 
the number and location of occurrence of which was unrelated to ADD or Height. 
More importantly, the occurrence of either preferential flow or unsaturated pockets 
in a column during one event did not ensure occurrence of either of them in the same 
column in the subsequent event. This further suggested that the process of wetting 
was unique to each stormwater biofilter and the rainfall event, and it depended on 
the conditions present at a particular time. Understanding the factors that caused 
the variation in the process of wetting is beyond the scope of this study.  
(a) (b) (c) 
Figure 4.12: (a) a non-horizontal wetting front signifying preferential flow (b) almost a horizontal wetting 
front and (c) occurrence of unsaturated zones in a wetted zone of the filter 
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Figure 4.13 shows initiation of the process of wetting in stormwater biofilters where 
in (a) water begins to infiltrate immediately, while in (b) the process of wetting 
initiated after a time lapse. Case (b) was observed mostly in events that had longer 
ADD’s (above 21 ADD), where a head needed to be built to initiate the process of 
infiltration against the pressure of trapped air. It was shown in the previous section 
that the initial degree of saturation of the top layer is approximately in the lowest 
range (10%) after 21 days of drying, where it held more air trapped that needed to 
be evacuated in order to accommodate water that infiltrated. In several instances, a 
fraction of this trapped air remained in the system even after the column was 
completely wet, causing unsaturated pockets similar to what can be seen in Figure 
4.12c.  
 
 
 
 
 
 
 
 
 
 
Figure 4.14 shows the progression of wetting in both transition and drain zones. 
Wetting front progression is based on a high preferential flow as is evident in the 
figure with a fraction of the zones remaining not wet. With time however, the un-wet 
fraction of area got reduced, but what remained was still significant. The unsaturated 
fraction in the drain layer was higher than that in the transition zone. Transition and 
drain zones however, do not contribute to quantitative and qualitative management 
of stormwater in stormwater biofilters. If the flow in these zones is slower than that 
(a) (b) 
Figure 4.13: Initiation of wetting at the top of the column during (a) shorter ADD event and 
(b) longer ADD event 
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in the filter, they can affect the overall performance of the system. This situation was 
not observed at any point of time in this study. Another important finding from this 
observation is that, there was a lapse between the wetting front reaching the 
interface of two zones (filter/transition and transition/drain) where infiltrating water 
accumulated in the preceding zone at the interface. This could be observed in Figure 
4.14. This phenomenon known as capillary barrier, was observed at the interface 
between geosynthetic and soil phases where a higher degree of water content was 
observed above the geosynthetic layer (Garcia et al., 2007; Mancarella and Simeone, 
2012; Zhao et al., 2010). In a similar way, accumulation of water in the filter just above 
the transition/filter interface will increase degree of saturation in this zone. This may 
have been the reason for increased degree of saturation during the dry-phase in the 
bottom 0.05 m filter layer as observed in the earlier section.  
  
 
 
Figure 4.15 shows a very significant macro-pore (shown in solid light-blue ellipse in 
Figure 4.15b). This resulted largely from differential settling of the filter layer. More 
smaller, yet significant macro-pores similar to the one shown as light-blue dashed 
circle in Figure 4.15b were observed very frequently in all the columns. They were 
believed to have developed due to washoff of the filter material and consequential 
settling of the filter. Presence of macro-pores can potentially cause significant 
impacts on the process of wetting, and they are also unique to filter layers as they 
form spontaneously and depending on unique conditions preceding events. This 
(a) (b) (c) 
Figure 4.14: Progression of wetting of transition (a) & (b) and drain (c) zones 
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indicated that they can change continuously throughout the life span of the filter. 
Because they develop spontaneously, it is difficult to analyse their variation, even 
though some models have attempted to applying a probabilistic approach (Weiler, 
2005a). 
 
 
 Another important observation from this study was that, there was no outflow 
(except for a few drops accumulating to 5 – 10mL in events with very short ADD’s) 
observed until the wetting front reached the outflow channel. There was a lapse of 
approximately 10 – 30 min between beginning of an event and beginning of outflow 
that varied between events. Figure 4.16 shows variation in the time lapse between 
beginning of event and beginning of outflow across events with different ADD’s 
where all these events had a feeding rate of 90 – 110 mL/min (0.21 – 0.26 mm/s). 
Feeding rates were higher than infiltration rate in the filter once the filter had wetted 
and stabilised (discussed later). The figure shows no significant correlation between 
time lapse and ADD, where the variation of time lapse between events of same ADD 
(for example, events with ADD – 0, had a variation of 800 – 1500 s) is not significantly 
different from variation between events with different ADD’s. This further affirmed 
the fact that the uniqueness of the filter and conditions of the filters pertaining to 
other factors affect the process of wetting significantly.  
(a) (b) 
Figure 4.15: Occurrence of macro-pores due to differential settling and washoff  
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Figure 4.16: Variation in time lapse between beginning of the event and beginning of outflow with different 
ADD's 
Table 4.5: Infiltrated, Retained (from previous event) and Total volume of water in the filter layer at the 
beginning of outflow, during some of the events. 
ADD Infiltrated 
volume 
Retained 
volume 
Total 
volume 
(day) (mL) (mL) (mL) 
4 1057.6 1174.017 2231.617 
2 1011.2 1214.093 2225.293 
7 1008.0 1118.731 2126.731 
7 1200.0 1118.731 2318.731 
0 872.8 1257.078 2129.878 
0 1191.2 1257.078 2448.278 
2 1012.0 1214.093 2226.093 
2 1261.6 1214.093 2475.693 
13 1318.4 1022.691 2341.091 
1 921.6 1235.202 2156.802 
7 1192.0 1118.731 2310.731 
21 1213.6 803.4471 2017.047 
9 1408.0 1084.734 2492.734 
4 1098.4 1174.017 2272.417 
4 1287.2 1174.017 2461.217 
0 1016.0 1257.078 2273.078 
1 1035.2 1235.202 2270.402 
 
Water mass balance was used to quantify the amount of water that had infiltrated at 
the beginning of outflow, using the equation below (Equation 4.8): 
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𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 = (𝐹𝑒𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 − 𝑃𝑜𝑛𝑑𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒) 
Equation 4.8 
In addition, based on the Table 4.3, volume of water in the filter layer at the beginning 
of each event depending on the ADD was determined. This was added to infiltrated 
volume to quantify total volume of water in the system at the beginning of outflow 
during each event (Equation 4.9). 
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 = 𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑅𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 
Equation 4.9 
Table 4.5 shows the volume of water that had infiltrated, retained from previous 
event over the dry-phase that followed, and total in the system at the beginning of 
outflow at different events with different ADD’s. Figure 4.17 shows total volume of 
water in the filter layer at the beginning of outflow during events with different 
ADD’s. Events with lower ADD up to 12 days, all had a total volume of approximately 
2300 ± 200 mL, the variation mainly resulting from the spontaneity of the process of 
wetting rather than the influence of ADD, while the total volume in the filter layer 
was significantly lower in events with higher ADD (total volumes below 2000 mL). 
Using porosity of the filter layer, the total volume of voids in the filter layer was 
estimated as 2630 mL based on the assumption that the porosity was equal to 
effective porosity (0.47). The total volume in events with ADD’s below 12 days, 
account for a degree of saturation of 87.5±7.5% while events with higher ADD’s 
showed a degree of saturation below 76% at the beginning of outflow. Lower degree 
of saturation in higher ADD events related to the observation of pockets of 
unsaturated zones in the filter in wetted columns due to trapped air that was 
discussed earlier. R2 value of 0.71 shown in Figure 4.17 further reinstated a significant 
correlation between total volume of water in the filter layer at the beginning of 
outflow with ADD.  
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Figure 4.17: Variation of Total volume of water in the filter layer at the beginning of outflow of events with 
different ADD's 
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4.4 Filter layer after wetting 
This section of the chapter analyses the process of infiltration since the beginning of 
outflow from stormwater biofilter columns. Figure 4.18 shows the variation in 
outflow rate with time and across events with different ADD and EN. Outflow rates 
increased steadily over the first 30 min in all events irrespective of EN or ADD. This is 
defined as the period of stabilisation of the columns, which will be discussed in detail 
in Chapter 5. The period of stabilisation of the columns with respect to outflow rates 
was 30 min, irrespective of ADD or EN. Outflow rates from the columns settled at 
their respective outflow rates after 30 min, as shown in Figure 4.18 although, settled 
outflow rates varied in relation to ADD. Initial outflow rate at the beginning of outflow 
during the period of stabilisation of the columns also displayed variation depending 
on ADD.  
 
 
Figure 4.18: Variation of outflow rate with time for events with different Event Number (EN) and Antecedent 
Dry Days (ADD) 
An attempt was made to quantify saturated hydraulic conductivity of biofilter 
columns based on the assumption that the columns were in saturated conditions 
after 60 min of outflow. It was already established in the analysis of the process of 
wetting (in the previous section) that the filter layer had a degree of saturation of 
approximately 90% by the end of wetting for events with an ADD less than 12 while 
a degree of saturation of approximately 75% was observed for events with higher 
40
50
60
70
80
90
0 30 60 90 120 150
O
u
tf
lo
w
 r
at
e 
(m
L/
m
in
)
Time (min)
EN 4 - ADD 4 EN 4 - ADD 7
EN 5 - ADD 0 EN 6 - ADD 2
EN 5 - ADD 41 EN 11 - ADD 31
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  123 
ADD. It was also observed that the pockets of unsaturated zones developed in the 
filter during wetting of events with higher ADD, had gradually disappeared during the 
stabilisation period of the column. Therefore, the columns were assumed to be 
saturated after an outflow of 60 min, after which, a constant head was also 
maintained. Darcy’s law (Equation 4.10) was used to quantify saturated hydraulic 
conductivity of the column based on outflow rates after 60 min, which is shown in 
Figure 4.19.  
𝑄 = 𝐾𝑠 ×
(𝑃𝑜𝑛𝑑𝑖𝑛𝑔 𝑙𝑒𝑣𝑒𝑙 − 𝑓𝑖𝑙𝑡𝑒𝑟 𝑜𝑢𝑡 𝑙𝑒𝑣𝑒𝑙)
𝐹𝑖𝑙𝑡𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ
 
Equation 4.10 
 
Figure 4.19: Hydraulic Conductivity of the filter computed after 30 min of outflow (after the stabilisation) 
assuming saturated column 
Hydraulic conductivity estimated based on Equation 4.10 using outflow rates varied 
slightly in some events (two events shown in orange and red in Figure 4.19). The 
average hydraulic conductivity monitored over 90 minutes of outflow (60 – 150 min) 
was therefore, considered as the hydraulic conductivity of the column for that event. 
A significant difference was observed in average hydraulic conductivity between 
events with varying ADD. Figure 4.20 shows the variation of average hydraulic 
conductivity with varying ADD.  Average hydraulic conductivity of the filter in the 
events with lower ADD (events with an ADD up to approximately 5 days) was lower 
than that of the events with higher ADD. Average hydraulic conductivity in addition, 
increased gradually over the first 5 ADD events, to reach an asymptote by the end of 
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5 ADD, which remained constant thereafter for the rest of the ADD’s (until about 41 
ADD – the limit in this study).  
An empirical model of the form of an exponential function (Equation 4.11) was fitted 
to the observations where a, b and c are arbitrary parameters and Figure 4.21 shows 
the model fit with 95% prediction bounds.  
𝐾𝑠 = 𝑎 (1 −
1
𝑏
 𝑒(−𝑐×𝐴𝐷𝐷)) 
Equation 4.11 
 
Figure 4.20: Variation of saturated hydraulic conductivity of the column with different ADD 
 
 
Figure 4.21 Model curve with observations for saturated hydraulic conductivity with ADD and 95% prediction 
bounds 
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Table 4.6: Fitting parameter values and 95% confidence intervals 
Parameter Fit value 95% confidence interval 
a 458.3 445.9 470.6 
b 3.303 2.545 4.061 
c 0.586 0.259 0.913 
 
Goodness of fit statistics: 
SSE = 9040 
RMSE = 21.81 
R2 = 0.8188 
Adjusted R2 = 0.8000 
From the model predictions (Table 4.6), the average hydraulic conductivity reached 
an asymptote with a value of 458.3 mm/h which was assumed as the saturated 
hydraulic conductivity of the filter column. It is a current practice in stormwater 
management to consider rainfall events that occur within 72 hour as a single rainfall 
event owing to runoff characteristics of the catchment. Observations in this study 
also reveal that the hydraulic conductivity varies over the first few events, with an 
arbitrary constant (b) of 3.03 that refers to the three day interval.   
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4.5 Defining Wet- and Dry-phase of stormwater biofilter 
operational cycle 
Based on the analysis of soil moisture earlier during and after the process of wetting, 
it was concluded that all three phases were critical in the process of pollutant 
removal. The operational cycle of stormwater biofilters is divided in to two phases, 
wet- and dry-phase as shown in Figure 4.22. The first two graphs of the figure show 
the rainfall event and the runoff event in the catchment area respectively, with the 
time lapse between beginning of rainfall event and initiation of runoff event. The 
third graph of the figure shows the beginning and end of outflow in stormwater 
biofilters, after the runoff from the catchment had reached stormwater biofilters, 
shown with a lapse between the initiation of runoff event that reaches stormwater 
biofilter and the beginning of outflow (lapse for the process of wetting).  
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Figure 4.22: Schematic diagram of wet- and dry-phase of a rainfall event in bioretention basins 
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Time lapse between the beginning of the rainfall event and the beginning of runoff 
event would vary depending on various factors including field capacity and 
perviousness of the catchment area. There would still be another lapse in time 
between the beginning of runoff event and the beginning of outflow from 
stormwater biofilters, as water percolates through the filter of stormwater biofilters 
that is referred to as the progression of wetting front. The lapse between the runoff 
event and outflow would be determined essentially by the speed of the wetting front, 
that depends on factors including the properties of filter material (particle size 
distribution, organic matter content, hydrophobic properties), antecedent dry days, 
initial moisture content, characteristics of packing (hydraulic conductivity, porosity, 
occurrence of macro-pores).  
 
Figure 4.23 show progression of a wetting front, where at the wetting front, a rapid 
change in moisture content occurs when drier zone (Zone 2) is transformed into 
wetter zone (Zone 1). Considering this transition period negligible an event in 
stormwater biofilter is therefore considered as biphasic: 
1. Wet-phase: from the beginning of wetting front till the end of draining 
2. Dry-phase: from the end of draining of the first event until the beginning of 
wetting of the subsequent event. 
 
Zone 1 
Zone 2 
Wetting Front 
Progression of 
wetting front 
Figure 4.23: Schematic diagram of a progressing 
wetting front 
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4.6 Summary 
The filter layer of stormwater biofilters operating under intermittent wetting and 
drying (field-scale operational cycle of stormwater biofilters) held large amount of 
water at the end of a rainfall event. While the top 0.1 m layer of the filter dried rapidly 
in between rainfall events and reached an asymptote with a degree of saturation of 
approximately 10% at the end of 40 days of drying, the rest of the filter displayed a 
gradual drying over the period. The whole column continued to dry and reached an 
asymptote with the bottom layer settling at much higher degree of saturation 
(approximately 40%) compared to the top layers (10%). A model was developed to 
predict the variation of soil moisture coefficient (W) at different depths in the filter 
after different number of dry days.  
𝑾𝑫,𝑨𝑫𝑫 =  𝑊𝑟 +
𝑊𝑠 − 𝑊𝑟
4 × [𝑐𝑨𝑫𝑫 + (𝑑 × 𝑫)𝑛](1−
1
𝑛)
 
Computation of total volume of water retained in the filter layer (0.8 m) with different 
ADD obtained by integrating the model showed that the volume of water retained in 
the filter approached a constant value approximately after 40 days of drying. This 
corresponded to approximately 820 mL of water in the filter layer that also 
corresponded to an average of 31% of degree of saturation along the filter layer.  
Initiation and progression of the wetting front in the filter layer upon a new rainfall 
event, followed preferential paths that were unique to each column and event, 
depending on the conditions of the filter immediately preceding a rainfall event. 
Occurrence of macro-pores due to differential settlement and wash off of filter 
material further increased the unpredictability of the process of wetting. Presence of 
unsaturated zones were a common feature in the filter layer during events with 
higher ADD with approximately 75% saturation at the beginning of outflow, while 
lower ADD events had a saturation of approximately 90% by the beginning of outflow.  
The rate of outflow steadily increased for the first 30 min of outflow during each 
event, irrespective of ADD and EN. The outflow settled at different flow rates by the 
end of 30 min, where the settled flow rates depended primarily on ADD. The 
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hydraulic conductivity of the column was lower for events with 0 ADD, while it 
increased gradually and reached a constant of 458.3 mm/h by an ADD of 4 day. 
Saturated hydraulic conductivity remained almost constant at 458.3 mm/h events 
with ADDs from 4 days up to 40 day (the limit of this study).  
Operation of stormwater biofilters under intermittent wetting and drying is defined 
to have two phases: 
Wet-phase: from the initiation of the process of wetting till the end of draining at the 
end of the rainfall event.  
Dry-phase: from the end of draining of the current rainfall event till the initiation of 
wetting process in the subsequent rainfall event. 
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CHAPTER 5  
STABILISATION OF BIOFILTERS 
 
5.1 Background 
Stabilisation in stormwater biofilters is a process analogous to ripening of water 
treatment filters by which any detached or independent substance in the filter 
material emerged in the outflow from a young filter. Concentration of suspended 
solids in outflow is the common parameter used to monitor process of stabilisation 
in water treatment filters. In contrast to water treatment filters, organic matter is 
frequently added to stormwater biofilters to enhance nitrate removal, that (Gold 
Coast City Council, 2003; South East Queensland Healthy Waterways, 2010). Since 
the filter is largely natural loamy sand, several studies have often reported leaching 
of pollutants, more specifically phosphates, from stormwater biofilter filters (Hsieh 
et al., 2007b).  The organic material in the filter layer is therefore, also potentially 
subjected to leaching, thereby contributing to degraded quality of outflow from the 
system. Organic carbon being a pollutant that adversely affects the health of the 
aquatic systems of receiving waters, need to be monitored and thereby the disposal 
of which need to be ensured to satisfy water quality regulations. In addition, Birch 
(1958) observed enhanced decaying of particulate organic matter into labile organic 
carbon in systems that were subjected to intermittent wetting and drying compared 
to systems that were subjected to continuous wetting. Biofilters that have organic 
matter in the filter layer and as such that are subjected to intermittent wetting and 
drying throughout its life cycle are therefore required to be analysed for the dynamics 
of transformation of particulate organic matter into labile organic carbon.  
Most studies of biofilters have been undertaken under extended or continuous 
feeding of the experimental columns while monitoring the event-mean average of 
pollutant concentrations in the outflow (Bratieres et al., 2008b; Davis, 2007; Davis et 
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al., 2006). Consideration of event-mean concentrations of pollutants, especially in 
systems operating for longer durations may potentially be misleading, as a result of 
disregarding potential fluctuations in pollutant concentrations at the beginning of an 
event.  Stabilisation of the filter layer in stormwater biofilters may therefore, be 
significant when subjected to wetting and drying cycles.  In addition, rainfall events 
are frequently short in duration, and hence the runoff phase may not last long.  
Therefore, the length of the flush (initial fluctuations in pollutant concentrations 
stabilisation) may constitute a significant component of the outflow during the 
complete wet-phase of an event, depending on the period of stabilisation.  
Consequently, the dynamics of fluctuations in pollutant concentrations in the outflow 
can be significant when assessing the performance of stormwater biofilters, even 
when total mass of pollutants is analysed. 
This chapter of the thesis analyses stabilisation of biofilters under intermittent 
wetting and drying. The dynamics of release of filter material under various 
antecedent dry days (ADD) is analysed in terms of suspended solids (turbidity), 
nitrogen and organic carbon. As explained in Chapter 3, two different experiments 
were conducted to analyse the process of stabilisation (first and second 
experiments). First section of this chapter analyses results of first experiment, based 
on preliminary stabilisation of biofilters. The next three sections discuss results from 
the second experiment (stabilisation), each section discussing each pollutant 
considered. Statistical analysis on the data matrix is then discussed. Phases of 
stabilisation is described in the section that followed and the chapter concludes with 
a discussion on importance of accounting stabilisation in pollutant removal 
performance analyses with regards to release of total mass of pollutants from 
biofilters.  
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5.2 Preliminary Stabilisation – Solids wash off 
It was discussed in Chapter 3 that the columns were fed with tapwater alone for two 
weeks (two events a week) at a feed rate of 100 mL/min, in order to preliminarily 
stabilise the filter column. This decision was made based on observation of material 
wash off during initial experimental runs, and settlement of the packing. This section 
of the chapter analyses the behaviour of the column in terms of filter material wash 
off in the first two weeks of preliminary stabilisation of bioretention filters.  
 
Figure 5.1: Particle size distribution (PSD) of filter material (4 samples) 
Figure 5.1 shows particle size distribution (PSD) of four samples of filter material as a 
cumulative percentage of mass. Filter material had significant amounts of clay 
(particle size less than 2 microns) constituting approximately 5% of the total volume 
of filter material while silt constituted approximately 10%. The D50 (50% of mass 
passing sieve size) was approximately 280 microns while the uniformity coefficient 
(D60/D10) was approximately 15.5 (310/20). The columns were packed with filter 
material of mass of 8.4 kg on average in all the columns.  
On an average, 5.3 kg of filter material was used to pack each column, to a depth of 
0.8 m. The initial moisture content of the packing filter material was observed in 
average as 14% (weight of water/weight of dry solids), from which total mass of dry 
filter material used to pack the columns on average was computed as 4.55 kg. By 
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multiplying the percentages of each particle size of PSD curve by the total mass of dry 
solids, mass of each particle size were computed and plotted as a cumulative mass 
against particle size as shown in Figure 5.2.  
 
Figure 5.2: Cumulative mass of filter material with particle sizes 
Figure 5.3 shows cumulative mass of solids in the outflow (average for outflow for 
the complete event – Event Mean) against particle sizes, for the first five events in 
one of the four columns monitored for preliminary stabilisation.  
 
Figure 5.3: Cumulative mass of solids in outflow with particle sizes, for five consecutive events (EN) on one of 
the four columns monitored 
On a general interpretation of the graphs, particle size distribution (PSD) in the 
outflow of all five events were almost similar, indicating a constant trend in wash off 
of different size of particles from the filter material. 90% (D90) of the particles ended 
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up in the wash off were less than 10 microns in particle diameter while 50% (D50) of 
the particles were smaller than clay (2 microns). No particles with particle size greater 
than 40 microns were washed off in any of the events that indicated no wash off of 
sand particles form the filter layer (sand particles are greater than 60 microns in 
diameter). These observations were consistent across all the other three columns 
monitored.  
On a detailed analysis on the particle sizes of wash off material, D50 (0.7 – 3.3 microns) 
and D90 (2 – 13 microns) varied slightly between events, although not much of a 
variation was observed in lower particle sizes (D10). The variation however, did not 
show a trend with EN. Observations on Figure 5.2 indicated that filter material was 
composed of less than 300 g of particles that were smaller than 10 microns in 
diameter, that are subjected to wash off during preliminary stabilisation. It is 
therefore necessary to understand the dynamics of particles less than 10 microns 
during preliminary stabilisation and their overall impact on post preliminary stabilised 
filter composition. 
Table 5.1: Total mass of solids in the outflow after each event on four different columns (mass is given in g) 
Event Column 01  Column 02  Column 03  Column 04 
1 71.97 75.75 85.85 83.47 
2 6.76 7.68 8.29 6.97 
3 5.76 3.63 3.94 3.23 
4 2.4 1.15 1.58 1.75 
5 2.06 1.25 0.97 1.34 
 
Table 5.1 shows total mass of solids washed off during the first five events, from four 
different columns monitored, where mass is given in grams. Significantly very high 
wash off of solids were observed on the first event of all the columns that varied 
between 72 and 86 g that is 1.6 – 1.9% of the total mass of the filter material. Total 
mass of solids washed of in the second event was a drastic drop compared to the first 
in all columns, while it gradually decreased thereafter during consecutive events. 
Although the percentage of solids washed off compared to the total mass of filter 
layer was very low, considering the size of particles that were washed off (less than 
10 microns), wash off was significant in that particular range.  
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Table 5.2 shows total mass washed off from the column after preliminary stabilisation 
that was fed with tapwater alone. The dynamics of wash off from this column is 
discussed in detail later in this chapter. This table shows significantly reduced wash 
off of filter material compared to wash off from the four columns discussed above 
during preliminary stabilisation. As discussed above, it is important to analyse the 
composition of filter material, particularly in the range less than 10 microns of particle 
diameter. 
Table 5.2: Total mass of solids in the outflow for consecutive events on the column that was fed with 
tapwater alone, for events following preliminary stabilisation 
EN Total mass of solids (g) 
5 2.11 
6 1.12 
7 0.87 
8 0.50 
9 0.20 
10 0.16 
11 0.20 
12 0.28 
13 0.18 
14 0.15 
 
Percentage of mass of solids in PSD of outflow (shown in Figure 5.3) was separated 
as individual percentage of each particle size (instead of cumulative PSD as shown). 
It was then multiplied for each particle sizes by total mass of solids removed (from 
Table 5.1) to obtain mass of particles from different sizes that was washed off. For 
each particle size considered, mass of solids washed off in the consecutive events 
were added to estimate cumulative mass of solids of each particle size that were 
washed off with increasing EN. Mass of solids in each particle size (cumulative across 
events) was then computed as a percentage of the total mass of corresponding sizes 
of particles in the filter layer (Figure 5.2). Figure 5.4 shows the cumulative percentage 
of material washed off for different particle sizes, across consecutive events (first five 
for one of the four columns monitored).  
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Figure 5.4: Percentage of mass of solids removed compared to composition of filter material, for different 
particle sizes and for consecutive events, for two different columns (cumulative for each particle size across 
events) 
Figure 5.4 shows the cumulative percentage of washed off solids in five consecutive 
events, for each particle sizes, in two different columns. These were the two columns 
(column 1 and column 4) that had the extremes of low and high wash off percentages. 
Particles washed off from the filter material in these five events were of particle 
diameter less than 10 microns and this observation was consistent for all four 
columns monitored.  Comparison of the results from the two columns show, that the 
fourth column had lost significantly more fines compared to the first column, which 
was mostly due to the disparity in total mass of solids lost from the two columns as 
shown in Table 5.1. However, the first column lost bigger fraction of fines in the third 
event rather than the first event as it was observed in other three columns (as shown 
for the fourth column in the figure). Unique characteristics of the columns therefore 
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influenced the wash off of filter material that was attributed to the packing of the 
columns.  
 
Figure 5.5: Variation of total mass of solids lost in consecutive events and the model plot 
Figure 5.5 shows variation of mass of solids lost (individual) in each event on different 
columns from both preliminary stabilization and from the control column that was 
fed with tapwater during the experiments. A power function as shown in Equation 
5.1 was considered to represent the data obtained, where ms is the mass of solids 
lost, EN is event number and a and b are arbitrary parameters. Results from 3 
columns and the control column were used to calibrate the model for two constants 
while the result from the fourth column was used to validate the model. The model 
fit had an R2 value of 0.99 that indicated a very significant representation of data by 
the model, and Table 5.3 shows the values obtained for the arbitrary parameters used 
in the model.  
𝑚𝑠 =  𝑎 × (𝐸𝑁)
𝑏 
Equation 5.1 
Where,  
ms – mass of solids lost from filter during an event (in grams) 
EN – event number 
a and b – arbitrary parameters of the model 
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Parameter a (78 g) indicated the mass of solids lost from filters on the first event 
while parameter b indicated the corresponding event number to preliminary 
stabilisation. From this analysis it was concluded that the columns are fed twice a 
week for two weeks as preliminary stabilisation, before employing them for 
experimental analysis.  
Table 5.3: Values obtained for each arbitrary parameters in the model and standard error 
Parameter Value Standard error 
a 77.795 1.387 
b -3.136 0.202 
 
A significant settlement (approximately 30 mm) of the filter was observed after the 
first two events on all columns during preliminary stabilisation. Therefore, the 
columns were packed to 30 mm over the required level. The porosity of the filter 
however, did not vary significantly with the settling and wash off of solids during 
preliminary stabilisation.  
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5.3 Organic Carbon 
5.3.1 TOC and DOC Concentration variation with time 
Figure 5.6 illustrates the variation of TOC (a) and DOC (b) concentrations in the 
outflow with time from the beginning of outflow, for all ten events (EN – Event 
Number; ADD – Antecedent Dry Days). It is evident from the figure that a flush of TOC 
and DOC occurred at the beginning of all events and then declined subsequently to 
much lower concentrations, comparable with the inflow concentrations 
(approximately 5 ppm in tapwater).   
 
 
 
Figure 5.6: Concentration of (a) TOC and (b) DOC in the outflow with time 
It is also apparent that the flush of organic carbon occurred for approximately 30 min 
from the start of outflow, in each event irrespective of EN (Event Number) or ADD 
(Antecedent Dry Days). TOC and DOC concentrations increase between 2 and 7 min 
for all events reaching the highest on the seventh minute or possibly between 2 and 
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7 min. Although the period of flush during an event was constant over 30 min, across 
all events with different ADD and EN, peak concentrations of TOC and DOC during the 
flush varied significantly between 20 and 120 ppm. Subsequent analyses of the 
concentration of TOC and DOC in the first 30 min was therefore, required to 
understand the impact of ADD and EN on the peak concentrations during the flush. 
5.3.2 TOC Concentration variation in first 30 min with 
varying ADD and EN 
Figure 5.7 shows variation of TOC concentrations in outflow at different times (2, 7, 
12, 20 and 30 min) during the flush (first 30 min) against EN and ADD on separate 
plots (min2, min7, min12, min20 and min30, respectively). While the flush during an 
event is essentially a phase of stabilisation as described in the previous section, 
increasing EN (age of filter) produced a second phase of stabilisation. For example, 
the events that had same ADD (EN-1 and EN-10 with ADD = 7 and EN-2 and EN-6 with 
ADD = 0; highlighted in Figure 5.7) it was evident that concentration of TOC at a 
particular time was lower in later events than the earlier events and this held true at 
all times over the flush during the first 30 min.  
Results in Figure 5.7 further illustrate the impact of ADD on outflow concentrations 
of TOC. Considering EN-2, EN-3 and EN-4, a distinctive increase in the TOC 
concentrations at a particular time were observed, with increasing ADD (0, 2 and 9, 
respectively – shown in ellipse with dashed line in Figure 5.7) while, EN-6, EN-7 and 
EN-8 also showed a similar increasing trend in TOC concentrations with increasing 
ADD (0, 21 and 40, respectively). Peaks at EN-3 and EN-4 relating to 9 and 4 day ADD 
however, were comparable with peaks at EN-7 and EN-8, relating in turn, to 21 and 
40 day ADD. According to the trend in EN-3 and EN-4, higher peaks should be resulted 
for EN-7 and EN-8, that had higher ADD, yet the results show the contrary. This result 
accords with the second phase of stabilisation of the columns that was evident with 
increasing EN across events. 
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Figure 5.7: Concentration of TOC with EN and ADD 
Analysis of the results show further that DOC concentration constituted almost 90% 
of TOC in the outflow at all times during an event while it was almost 100% in the 
inflow. Repeatability of test results of TOC on the testing instrument showed a 
variation of approximately 5 – 10%, which implies that a 10% variation observed 
between TOC and DOC was not significant and any occurrence of particulate organic 
carbon in the outflow was essentially negligible. Further statistical analysis to 
understand the impact of ADD and EN on TOC concentrations during the flush was 
therefore, conducted only on TOC which is discussed later. 
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5.4 Total Nitrogen, Nitrate-Nitrogen and Total Kjeldhal 
Nitrogen  
Nitrogen species, nitrate-nitrogen, nitrite-nitrogen, ammonium nitrogen, total-
nitrogen and hence total Kjeldhal nitrogen were monitored in this study. While 
significant amounts and variation observed in NO3, TKN and TN, ammonium-nitrogen 
and nitrite-nitrogen were always observed to be below the detection limit of the 
analytical instrument (below 0.1 ppm).  
5.4.1 TN, NO3 and TKN Concentration with time 
Figure 5.8 shows the concentration of Total nitrogen (TN), Nitrate-nitrogen (NO3) and 
Total Kjeldhal Nitrogen (TKN) in outflow over time. This showed a similar pattern as 
observed for TOC over the first 30 min for both TN and TKN. The first three events 
however, settled at higher TN and TKN concentrations and thereafter, TKN settled at 
levels that could almost not be detected in the outflow after 30 min while TN settled 
at a lower, but still significant concentration. The feed (tapwater) contained 0.6 ppm 
of TN while almost 95% of this TN was contributed by nitrate-nitrogen and TKN was 
below the detection limit of the analytical instrument. In contrast, TN in the outflow 
was contributed (95%) by TKN in the flush (until 30 min) and then settled during the 
first three events. In addition, there was a significant contribution from nitrate-
nitrogen in TN concentrations after phase I stabilisation in events other than the first 
three events, while TKN levels being below the instrument detection limit (data for 
nitrate-nitrogen is not discussed here). The significant TN concentrations in later 
events were therefore due to the contribution of nitrate-nitrogen rather than TKN in 
contrast to the first three events. As for TOC concentrations, both TN and TKN 
concentrations varied significantly during the flush (first 30 min) and therefore, 
further analysis on TN and TKN concentrations during the flush was required. 
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Figure 5.8: Concentration of (a) TN, (b) NO3 and (c) TKN in the outflow with time 
In contrast to the decreasing pattern observed in both TN and TKN during the first 30 
min flush, an increasing trend in nitrate-nitrogen concentration was observed that 
then settled to a concentration comparable to that in the inflow (Figure 5.8b). The 
period NO3 took to increase to its settling concentration however, was the same as 
the settling period for both TN and TKN. The reverse trend in NO3 concentration was 
due to nitrate removal processes which will be discussed in the next chapter. While 
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concentration of ammonium-nitrogen and nitrite-nitrogen were insignificant in the 
outflow, TN was mostly composed of both NO3 and TKN, the dynamics was needed 
to be analysed. 
Figure 5.9 show the contribution of nitrate-nitrogen (a) and TKN (b) to TN, with time. 
TN was mostly composed of TKN during the first 30 min flush that decreased with 
time, while contribution of NO3 steadily increased and composed TN almost solely 
after the flush. A significant variation in the contribution of both NO3 and TKN was 
observed during the eighth event that had the longest ADD of 40 days. That particular 
event was affected by the dynamics of pollutant transformation and removal, which 
is out of the scope of this chapter, and it will be discussed in the following chapter on 
pollutant removal. In addition, TN was less than NO3 during the fifth event that was 
a result of the instrument sensitivity in measuring TN at concentrations less than 0.2 
ppm. 
 
 
Figure 5.9: (a) NO3 and (b) TKN, as a fraction of TN, with time 
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5.4.2 TN and TKN variation in first 30 min against ADD 
and EN 
Figure 5.10 illustrates the variation in TN, NO3 and TKN concentrations in the outflow 
against EN and ADD, during the first 30 min flush. In contrast to the TOC pattern, both 
TN and TKN concentration continued to decrease in the first five events despite 
increasing ADD in EN-2, EN-3 and EN-4. The finding suggested that the outflow were 
largely impacted by EN that shadowed any impact from ADD in the first five events.  
 
 
 
Figure 5.10: Concentration of (a) TN (b) NO3 and (c) TKN with Event Number and ADD 
0.00
0.50
1.00
1.50
2.00
C
o
n
c
e
n
tr
a
ti
o
n
 
(p
p
m
)
(a) min2
min7
min12
min20
min30
0
0.1
0.2
0.3
0.4
0.5
C
o
n
c
e
n
tr
a
ti
o
n
 
(p
p
m
)
(b) min2
min7
min12
min20
min30
0
0.5
1
1.5
2
1 2 3 4 5 6 7 8 9 10
C
o
n
c
e
n
tr
a
ti
o
n
 (
p
p
m
)
EN
(c)
min2
min7
min12
min20
min30
 (7)             (0)           (2)             (9)          (4) (ADD)  (0)          (21)         (40)           (12)         (7) 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  147 
The impact of ADD was still not significant on TN or TKN in the latter five events 
compared with the impact of ADD on TOC in similar events where a clear increasing 
trend was observed with increasing ADD.  Furthermore, NO3 concentration was 
almost constant at a particular time except for a significant peak at the eighth event 
that had the highest ADD. A significant dip was also observed in TKN at that particular 
event (eighth event) that is contrary to the expected trend of increasing TKN with 
increasing ADD. This was due to the dynamics in the processes of nitrification and 
denitrification that transform TKN to nitrate and remove nitrate respectively. 
Significant removal of nitrate-nitrogen and ammonium-nitrogen during this study 
illustrate active nitrification and denitrification processes, which is discussed in the 
next chapter. In order to understand the impact of ADD and EN on TN during the 
flush, further statistical analyses were employed, which is discussed later. 
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5.5 Turbidity and Total Suspended Solids 
5.5.1 TU and TSS concentration variation with time 
Figure 5.11 shows the variations in TU (a) and TSS (b) in the outflow with time. While 
TSS was measured using TU data and TU-TSS calibrations the trends of TSS essentially 
followed the trends in TU and therefore, subsequent analyses are carried out on TU, 
which reflected trends in TSS concentrations as well. 
 
 
 
Figure 5.11: Concentration of (a) Turbidity (TU) and (b) Total Suspended Solids (TSS) in the outflow with time 
A similar trend was observed for Turbidity (TU) with time as that for TOC and TN, and 
showed a flush phenomenon at the beginning of each event in all trials. Another 
important similarity noted between TOC and TU was that they both settled at 
comparable concentrations (to inflow concentrations) respectively, across all events, 
indicating that the filter stabilised after approximately the same time from the start 
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of outflow (30 min). The period of column stabilisation (30 min) during an event for 
all events in terms of TU further suggests that it is independent of both ADD and EN 
as with TOC and TN, yet, further analysis was required to understand variations in TU 
during the flush.  
 
5.5.2 TU variation in first 30 min with varying ADD and EN 
 
Figure 5.12: Turbidity (TU) in the outflow with EN and ADD 
Figure 5.12 shows the variation observed in TU at each time interval for different 
EN’s. As for TOC and TN, a decreasing trend in TU was observed with increasing EN 
that indicated a second phase of stabilisation. Unlike for TOC that was impacted by 
ADD even during the first five events, TU did show a strong impact of EN that over-
shadowed any impact from ADD as for TN during the first five events. However, 
impact of ADD was very evident in the next five events (peaks occurring at event 7 
and 8 were related to higher ADD). 
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5.6 Statistical Analysis 
The concentration of pollutants in the outflow was analysed statistically for the 
period of flush identified in the previous section (30 min) and the analysis was 
conducted on the Z-scores for TN, TU and TOC (ZTN, ZTU and ZTOC, respectively) to 
determine the impact of EN and ADD on stabilisation of the columns. 
Table 5.4: Correlation coefficients for z-score of concentration of ZNO3, ZTKN, TN, TU and TOC (ZTN, ZTU and 
ZTOC, respectively) against EN, ADD and Time 
 ZNO3 ZTKN ZTN ZTU ZTOC 
Correlation 
EN -.211 -.681 -.676 -.752 -.522 
ADD .451 -.290 -.098 -.131 .274 
time -.110 -.013 -.019 -.060 -.085 
Significance 
(1-tailed) 
EN .071 .000 .000 .000 .000 
ADD .001 .021 .249 .181 .027 
time .224 .464 .448 .339 .279 
 
Table 5.5: Results of the analysis of PCA for EN, ADD, Time, ZNO3, ZTKN, ZTN, ZTU and ZTOC 
 Component 
1 2 3 
Var. Explained 
(%) 
48.859 25.298 11.323 
EN -.878 .128 .014 
ADD -.380 .867 .053 
time -.006 -.046 .991 
ZNO3 .267 .748 -.145 
ZTKN .928 -.001 .004 
ZTN .919 .235 -.001 
ZTU .902 .231 -.067 
ZTOC .677 .641 -.018 
 
We applied statistical tools correlation and PCA to investigate the Z-scores obtained 
from the standardisation of pollutant concentrations from all ten events, the results 
of which are presented in Table 5.4 and Table 5.5, respectively. Results of the 
correlation analysis show a strong and significant correlation between TN-EN, TU-EN 
and TOC-EN. The PCA analysis produced a first principal component (explained 57.4% 
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of the variance) dominated by EN while ZTN, ZTU and ZTOC all clustered closely with 
the first component. A significant impact of ADD on TOC was also evident in the 
second principal component that explained 19.7% of the total variance. 
  
                                         
  
Figure 5.13: Variation in correlation coefficient between independent variables (EN and ADD) and Z-scores of 
pollutant concentrations (a) ZNO3, (b) ZTKN, (c) ZTN, (d) ZTOC and (e) ZTU, with groups of 5 consecutive events 
(EN1-5, EN2-6, EN3-7, EN4-8, EN5-9 and EN6-10) 
In order to analyse the variation in the impact of EN and ADD on the pollutant 
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grouped likewise till Group 6 with EN-6 to EN-10. The results with significant 
correlation analysis (p=0.05) are shown in Figure 5.13. Significant shifts were 
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observed in correlations for all pollutants, the shifts however were different and 
unique for all five pollutants. ADD had no significant impact on NO3 in the earlier 
events while EN had some negative impact on it that then changed completely and 
ADD had very significant positive impact while EN had no significance in NO3 
concentrations in latter events (Figure 5.13a). In contrast, TKN had higher negative 
correlation to EN in the earlier events, which changed to positive correlation in the 
latter events, while having no impact from ADD throughout the experiment (Figure 
5.13b). TN on the other hand was observed to be impacted by both EN and ADD, yet, 
the change in correlation coefficients was necessarily a combination that was 
observed for both NO3-N and TKN (Figure 5.13c). It could therefore be concluded 
that TN was mostly composed of NO3 and TKN as it was observed in the experiment. 
ADD had high positive impact on TOC concentrations throughout the experiment 
with occasional smaller, yet significant impact from EN (Figure 5.13d). In general it 
was concluded that the variation in TOC concentrations during the first 30 min flush 
was dominated by ADD that was unabated throughout the experiment. In contrast to 
TOC, TU had higher impact from EN in the earlier events that then declined while the 
impact of ADD steadily increased and dominated the accountability for the variations 
in TU in latter events Figure 5.13e).  
In general, EN had negligible impact on the variation of NO3, TOC and TU 
concentrations after first few events after which the impact of ADD was more 
pronounced. TKN however, had significant impact though it changed from a negative 
impact to positive impact, throughout the experiment due to which TN too was 
significantly impacted. Unlike other pollutants, TOC showed a higher and consistent 
impact from ADD throughout the experiment.  
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5.7 Defining Phases of Stabilisation in Stormwater 
biofilters 
5.7.1 Phases of Stabilisation 
It is apparent from results that filter in stormwater biofilters are subjected to two 
stabilisation phases in relation to Total Organic Carbon (TOC), Total Kjeldhal Nitrogen 
(TKN) and Turbidity (TU):  
1. A phase of stabilisation that exists for approximately 30 min from the 
beginning of outflow (depending on number of ADD in each event); 
2. A second phase of stabilisation that occurs with the age of filter – that affects 
peak concentrations reached during the first phase of stabilisation in each event as 
EN increases. 
Statistical analysis of the dynamics of stabilisation (concentration of pollutants in the 
outflow) show that over the second phase of stabilisation (with increasing EN), TOC 
and TU decreased significantly in ten consecutive events. In contrast, TN was affected 
significantly by this first phase of stabilisation in latter events. Furthermore, TOC, TU 
and TN were affected significantly by the first phase of stabilisation (impact of ADD) 
across all of ten events. The flush in the first phase of stabilisation therefore is more 
critical to the performance of a stormwater biofilter than is the second phase of 
stabilisation. 
In systems that are fed continuously, only a single phase of stabilisation will be 
observed that will only last for the first few minutes of outflow, as was observed here 
as the first phase of stabilisation. The operation of continuously fed systems beyond 
the flush will be similar to that of columns after the first 30 min of outflow, provided 
that the filter did not undergo any biological transformation such as that resulting 
from growth of microorganisms that eventually could enhance removal of pollutants 
in continuously fed systems. This in turn would produce higher removal efficiencies 
compared with a similar system under intermittent wetting and drying that have a 
short wet-phase. Removal of pollutants however, after the flush was beyond the 
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scope of the current study. Owing to the significance of the flush of pollutants in the 
outflow, performance analysis of stormwater biofilters should therefore be analysed 
under intermittent feed that is a unique property of the system. 
Fluctuations in the concentration of total suspended solids (TSS) in the outflow during 
an event was also observed by Davis (2007)when he monitored field-scale 
stormwater biofilters.  It was not clear however, if the fluctuations were due to a 
phase of stabilisation in the filter or the impact of fluctuating TSS concentration in 
the inflow. While leaching of phosphates from the filter material was observed in 
several studies, here we observed no significant levels of phosphates in the outflow 
(the feed also had very low levels of phosphates). In contrast, leaching of organic 
carbon has seldom been examined previously in similar studies, but we found here a 
very significant washoff of organic carbon from the filter layer, that contained 8 % 
organic matter by weight. Adding organic matter to enhance removal of nitrates in 
stormwater biofilters is a common practice, and therefore, leaching of organic carbon 
from stormwater biofilters should be considered as a significant parameter to 
monitor when assessing outflow quality. Furthermore, both TOC and TKN contributed 
to both phases of stormwater biofilter stabilisation in the current study. In order to 
understand the dynamics behind the stabilisation phases, it will be important to 
understand the dynamics of organic matter under intermittent wetting and drying.  
The fate of organic carbon and nitrogen in soils that have fluctuating moisture 
content has been studied in relation to growth of microbial communities assessed by 
estimating soil respiration rate (Birch, 1958; Fransluebbers et al., 1994; Kieft et al., 
1987; Pesaro et al., 2004; Rudaz et al., 1991; Van Gestel et al., 1993). These studies 
have focused however, more on the dynamics of microbial communities under 
transformation of moisture related stress on microbial functionality after wetting 
rather than their dynamics during the drying phase. The studies have reported higher 
microbial growth rate that lasts upto approximately 10 day in systems that undergo 
wetting after a dry period, compared with systems that were in a continuous wet-
phase (Bloem et al., 1992; De Nobili et al., 2006; Firer and Schimel, 2002, 2003; 
Franzluebbers, 2000; Pesaro et al., 2004; Saetre and Stark, 2005). It is not clear 
however, about how long it takes between the initiation of wetting and the 
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reactivation of microorganisms following a period of starvation and also depending 
on the length of dry days. Three hypotheses have been proposed to address this 
observation based on increased availability of substrate to microbes: 
1. Microbial communities develop intracellular enzymes due to moisture related 
stress (osmotic stress) that are immediately released to the environment when 
moisture is increased (Firer and Schimel, 2002; Halverson, 2000; Van Gestel et al., 
1993); 
2. Groups of microorganisms that cannot withstand the dry period, die while 
others simply become dormant. Dead cells become substrate for dormant 
microorganisms upon wetting (Halverson, 2000; Van Gestel et al., 1993); 
3. Soil interlocks organic carbon in interstices in the aggregates. These 
aggregates collapse and release the organic carbon within them that are then 
consumed by dormant microorganisms upon the progression of the wetting front 
(Adu and Oades, 1978; Lundquist et al., 1999). 
The first two scenarios would provide a periodic fluctuation with subsequent wetting 
and drying while the third scenario would at one point cease to provide new 
substrate, as the organic carbon stored in the aggregates was eventually used up. 
Therefore, the peak concentration during the flush would be constant in the first two 
scenarios while it should start to decrease after a few events of wetting and drying, 
in the third scenario. A decrease in mineralisation of organic carbon and organic 
nitrogen have also been observed in several studies  (Denef et al., 2001a; Denef et 
al., 2001b; Fransluebbers et al., 1994; Magid et al., 1999; Mikha et al., 2005; West et 
al., 1992). The authors argued that this could be due either to a decrease in activity 
of microorganisms or due to substrate limitation due to reduced slacking in soil 
aggregates that occlude organic carbon in aggregate interstices.  
Results of the study show higher peak concentrations of pollutants (TOC and TKN) 
during the flush even following 10 events of drying and wetting. This could result from 
impact of any, or all three hypotheses mentioned above. The important issue 
however, is that organic carbon analysed in the above studies was in dissolved form, 
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and so, is readily available for consumption by microorganisms, while filter material 
in the current study was comprised of 8% organic matter that is essentially 
inaccessible for immediate consumption by most microorganisms. Particulate 
organic matter is comprised of complex structured organic compounds that need to 
be transformed into labile organic forms with the assistance of extra-cellular enzymes 
to become available for consumption by microorganisms (Jarvis et al., 2007a). The 
dynamics of this transformation under intermittent wetting and drying has seldom 
been addressed previously in the literature. A phenomenon known as the Birch 
Effect, however suggests that this transformation is more active in systems that 
experience wetting and drying than in continuously wet systems (Birch et al., 2005; 
Jarvis et al., 2007b).  
Results here further illustrate the very low amounts of particulate organic carbon 
present in the outflow, more specifically in the outflow during the stabilisation phase 
(DOC and TOC were equal in the outflow). Particulate organic matter that was added 
to the filter layer is transformed into labile dissolved organic carbon prior to washoff, 
in contrast to simple washoff of particulate organic matter from the filter layer. The 
dynamics of conversion of particulate organic matter into labile organic carbon and 
nitrogen is therefore crucial for determining the dynamics of stabilisation of 
stormwater biofilters.  
 
5.7.2 Retention of water in the filter between rainfall 
events 
Observations in earlier studies suggest that a significant fraction of the inflow during 
an event is retained in the system by the end of that event (Davis, 2007).  The outflow 
of the subsequent event therefore, will comprise water that was retained in the 
system from the previous event, unless all water that was retained in the system is 
held in the permanent film surrounding soil particles and this is highly unlikely. 
Previous studies have not considered that the initial outflow an event contains water 
that had been retained from the previous rainfall event (Blecken et al., 2009a; 
Bratieres et al., 2008b).  
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The flush of retained water from a previous event, may occur either as a plug flow or 
as a mixed flow of both old (retained) and new (current feed) water. This 
phenomenon would then be reflected in the concentration of pollutants in the 
outflow stream with time, where we would expect a change in trend in the 
concentrations of pollutant, depending on individual transformation or removal 
processes relevant to each pollutant. For example, Figure 5.14 illustrates a change of 
trend that could be expected in the concentration of a particular pollutant in the 
outflow of an event, if the pollutant undergoes removal during the wetting and drying 
phase. Observations in the current study however, suggest that this phenomenon 
does not occur. 
Furthermore, different pollutants are removed or transformed as a result of different 
removal or transformation processes. For example, TOC and TKN are removed or 
transformed with the assistance of different species of microorganisms, such that 
their population dynamics of growth and substrate consumption are distinctively 
different. The study did show however, that the time for columns to stabilise for both 
pollutants take almost the same amount of time (30 min). Taken together, this 
implies that a common process exists that determines the phase of stabilisation 
irrespective of any specific processes that remove or transform individual pollutants.  
 
Event 1  Drying 
Event 2  
 Flush 
Event 2  
Concentration  
Time 
Change of trend 
Figure 5.14: Change of trend expected during a plug flow type of flush of retained water 
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5.7.3 Concept of mixing of retained and new water in the 
outflow 
In combination, results here suggest that during drying days between events, 
particulate organic matter is transformed into DOC and dissolved TKN, thereby 
increasing DOC and TKN (thereby TN) levels in the retained water. Comparison 
between the inflow and outflow concentrations clearly show increased levels of DOC 
and TKN in the outflow. In particular, TOC and TN in the outflow were contributed by 
DOC and TKN respectively, and this indicated no contribution of particulate organic 
matter in the outflow.  During the subsequent rainfall event, the new feed with lower 
concentrations of TOC and TKN mixes with retained water that is high in TOC and TKN 
concentrations, to constitute the outflow. The proportion of mixing old : new water 
in the outflow gradually decreases with time, and eventually after 30 min the outflow 
will largely be composed of the current feed. The relative levels of TOC and TKN 
produced from particulate organic matter will be affected by different types of 
microorganisms that in turn, depend on different factors and result in different decay 
rates. The fact that the period of stabilisation was observed to be 30 min for both 
parameters, illustrate that a common process exists that influences variations in 
concentration of both parameters that both settle at their respective concentrations 
at the same time. The idea that retained water and current feed are mixed is affirmed 
by this observation.  
Reverse trend observed until the seventh minute (peaks are observed at seventh 
minute) to that of stabilisation trend observed after that till 30 min was due to a 
different phenomenon. There would be significant amount of water retained in the 
transition and drain zone, that that have different environment compared to filter 
zone. Most importantly, transition and drain zones do not have organic matter. 
Water retained in that zone was therefore, unaffected by the processes that 
destabilised the filter layer during the dry-phase, that eventually stabilised in the 
subsequent wet-phase. The mixing of the unaffected water retained in the transition 
and drain zones are responsible for the initial variation until seventh minute. The 
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peak however, could be at 7 minute or anytime between 2 and 7 min, in which case 
the peaks would be higher than that was observed at the seventh minute.  
 
5.7.4 Wash off of Suspended Solids 
In contrast, suspended solids do not undergo a process of transformation where new 
particles are formed during the drying phase of an event. Unlike for TOC and TKN, the 
flush of suspended solids (accounting for TU) cannot be attributed to the concept of 
mixing discussed earlier for TOC and TKN. Following a dry period, new feed from a 
rainfall event will trigger a progressing wetting front, which can be attributed to the 
occurrence of flush observed for TU in the outflow. Progression of the wetting front 
will disturb and hence re-suspend fines in percolating water that ultimately will end 
up in the outflow. In addition, as discussed earlier, due to the sudden increase in 
osmotic pressure at the wetting front, aggregates will break to release fines that will 
also end up in the outflow. The wetting front will therefore transport more 
suspended solids compared with the percolating water that follows. According to this 
idea, the flush of TU is the result of the current feed, in particular the wetting front. 
These observations add weight to the earlier concept of mixing, where the initial 
outflow is considered to be a mixture of both retained and current feed, rather than 
a simple plug flow.  
Mineralisation of organic matter plays a crucial role in removal of other pollutants 
during the dry phase of an event that specifically will depend on microbial 
communities, where labile organic carbon is required for their growth. More 
specifically, presence of labile organic carbon is crucial to the process of 
denitrification, where organic carbon provides both a carbon source for growth of 
denitrifiers as well as an electron donor for the process of denitrification. The 
dynamics of mineralisation of particulate organic matter during the drying phase, 
serves a crucial purpose by adding organic matter to the filter layer (that enhances 
nitrate removal). In contrast, an extensive amount of TOC wash off that occurs during 
the second phase of stabilisation that extends to a long period degrades the quality 
of outflow from stormwater biofilters. This is a problem that needs to be controlled. 
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Control measures to reduce the second phase of stabilisation therefore need to be 
considered for implementation during the drying phase of an event, rather than 
during the wetting phase. 
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5.8 Significance of Stabilisation on performance of 
stormwater biofilters 
 
 
 
 
Figure 5.15: Cumulative TSS in the inflow and outflow for different EN and ADD 
In order to understand the impact of first flush on the total mass removal of 
pollutants in stormwater biofilters and also to understand the impact of ADD and EN 
on the overall pollutant removal, cumulative TSS and TOC were computed based on 
the inflow and outflow rates and the concentration of TSS and TOC in the inflow and 
outflow, respectively (Figure 5.15 and Figure 5.16).  Analysis of the flow rate of the 
columns (data not shown) showed a lapse of approximately 20 – 30 min was evident 
between the start of inflow and beginning of outflow that also varied depending on 
ADD.  For this analysis however, it was assumed to be 30 min across all events 
irrespective of different ADD’s.  The time scale for the plots begins with the start of 
outflow, and therefore, 30 min of inflow was added to the beginning of the 
cumulative inflow of TSS and TOC.  Similarly, the inflow was assumed to have stopped 
30 min prior to the end of outflow. 
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It was evident from the cumulative TSS analysis that cumulative mass removal of TSS 
in the system was enhanced by age of the filter, and was highly impacted by ADD.  
Until the 4th event, wash off from the filter was greater than cumulative inflow of 
TSS, and after which outflow concentration was always less than the inflow 
concentration of individual pollutants.  Meanwhile, the wash off of TOC was always 
greater than cumulative inflow of TOC.  The washoff after zero ADD however, was 
less than inflow TOC concentrations. 
   
   
 
 
Figure 5.16: Cumulative TOC in the inflow and outflow with different EN and ADD 
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study was based on averages of flow rates and concentration. In addition, it did not 
consider variation in the water retained due to different number of dry days. 
Therefore, the relative impact of the length of the wetting-phase potentially may be 
even higher than what is reported here.  Rainfall events are mostly short in duration, 
and therefore the phase of stabilisation is a critical phase in the performance analysis 
of pollutant removal in stormwater biofilters. 
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5.9 Summary 
High amounts of solids from filter material were washed off in the outflow of the first 
event after installation of biofilters (approximately 75 g in the first event and 10 - 15 
g in the next three events). Solids that were washed off during preliminary 
stabilisation were of particle sizes less than 10 microns that indicated a significant 
wash off of clay content of filter material. Analysis of total mass of clay removed from 
filter showed that almost 10 - 20% of the total clay content of filter material was lost 
during preliminary stabilisation that spanned five events. The analysis further 
suggested a preliminary stabilisation of biofilters prior to experimental runs, with 
four consecutive events fed with tapwater alone. 
There was significant flush of solids and organic carbon observed even after 
preliminary stabilisation. This flush was a result of a variety of processes that 
occurred during the dry-phase and during the progression of wetting front, rather 
than processes that occurred during the wet-phase alone of an event. The flush 
stabilised in two phases where the first phase occurred for approximately 30 min in 
each rainfall event while the second phase occurred across events as the filter aged. 
Large amount of water that was retained in the stormwater biofilter in between 
rainfall events was affected primarily by processes that occurred during the dry-
phase. Retained water constituted a significant fraction of the outflow for the first 30 
min of the wet-phase of the subsequent event by mixing with new feed from the 
latter event. Dynamics of the mixing proportions of retained water vs new feed 
accounted for variations in pollutant concentrations in first 30 min of outflow (phase 
I stabilisation). Flush of pollutants at the beginning of each event was significant even 
after ten events and therefore, it needs to be considered in performance analysis of 
stormwater biofilters. While organic matter was intended to enhance denitrification, 
washoff of organic matter should be controlled to improve the overall quality of 
outflow. New designs with modified filter media, more specifically regarding organic 
matter could enhance performance of stormwater biofilters. 
 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  165 
CHAPTER 6   
POLLUTANT REMOVAL IN 
BIOFILTERS 
 
6.1 Background 
 
Two important pollutants (Total Organic Carbon and Turbidity) were analysed in 
Chapter 4, as a possible contribution from bioretention filter itself that affected the 
quality of outflow during the stabilisation of biofilters in approximately the first 30 – 
60 minutes of outflow. For that study, the column was fed with tapwater alone that 
had no turbidity and only minimal amounts of TOC. In reality, stormwater runoff 
transports several pollutants some of which were discussed in Chapter 2 and were 
observed in variable concentrations. Stormwater biofilters are designed to manage 
quality of stormwater runoff in addition to quantitative management. Qualitative 
management refers to efficient removal of stormwater pollutants in stormwater 
biofilters.  
This chapter analyses the ability of biofilters in removing pollutants, particularly, 
species of nitrogen (nitrate-, nitrite-, ammonium-, and total-nitrogen), turbidity (as a 
surrogate for TSS) and total organic carbon. This study used data obtained from the 
experiments, where the experimental columns were fed with simulated stormwater 
(Experiment 1 and Experiment 2 as described earlier in Chapter 3). The experiments 
were conducted by varying inflow concentrations of pollutants, antecedent dry days 
and event number.  
This chapter is divided into sections, each section discussing a particular pollutant 
species. Each section is further divided into divisions, where the first division 
discusses the general trend in pollutant concentration in the outflow with time. This 
division also discusses the impact of ADD and EN on that pollutant concentration in 
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the outflow as observed from the graphical interpretation of data obtained. Outflow 
concentrations of pollutants in experiments with constant strength (standard 
simulated stormwater) were used for this study (Experimental run 01 from Chapter 
3). ADD and EN were considered to be independent variables for analysis here. The 
second division of each section discusses the impact of inflow concentrations of that 
particular pollutant on its removal in the outflow, generally from inspection of 
graphical interpretation of data. Data for divisional analyses were obtained from 
Experimental run 02 from Chapter 3, where the inflow concentrations of the 
pollutants were varied (strength of stormwater varied across events). Inflow 
concentrations of the pollutant in current event (IN) and in the previous event (PRE) 
together with ADD and EN were considered as independent variables for analysis in 
this division. Each of these divisions arrived at conclusions on the impact of each of 
the independent variables on pollutant removal, based on graphical interpretation of 
data. The division of each section that follows is based on statistical analyses on the 
data obtained. Statistical tools that were described in Chapter 03 were used to verify 
the impact of independent variables on pollutant removal, as observed from 
graphical interpretation of data in the preceding divisions. The last divisions of each 
section discuss the impact of independent variables based on the operational cycle 
of stormwater biofilters under intermittent wetting and drying. These divisions relate 
the analysis to the research hypothesis to substantiate the discussion on the 
importance of drying period on pollutant removal. In order to make the analysis clear, 
a conclusion is provided at the end of each section of the chapter, instead of a 
summary at the end of the chapter.  
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6.2 Nitrate-Nitrogen 
6.2.1 Impact of ADD and EN 
Nitrate leaching from stormwater biofilters has often been reported in past studies 
and has been primarily attributed (hypothetically) to various reasons including 
leaching of nitrogen from filter material, decomposition of organic nitrogen and 
nitrification of adsorbed (from previous event) ammonium-nitrogen and extended 
drying of biofilter (Bratieres et al., 2008b; Davis et al., 2001; Davis et al., 2006; Hatt 
et al., 2008; Henderson et al., 2007). Results in this study however, showed removal 
of nitrate-nitrogen (NO3-N) at all times in events with inflow concentrations below 
2.5 mg/L and occasional leaching at higher nitrate-nitrogen inflow concentrations.  
 
 
 
Figure 6.1: Variation of (a) NO3-N concentration (b) NO3-N removal, in the outflow with time, EN and ADD 
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Figure 6.1 shows variation of NO3-N concentration in the outflow (a) and removal 
efficiency of NO3-N in the outflow compared with inflow (current event), with time. 
Each graph shows separate events with different EN and ADD as shown in the legend. 
Phase I stabilisation of biofilters as defined in Chapter 4, was observed throughout 
this study as well for all events, which affected the performance of NO3-N removal. 
Events shown in Figure 6.1a had approximately 2.0 mg/L of NO3-N in the inflow 
(where standard simulated stormwater was used). Nitrate-nitrogen concentration 
was approximately 0.25 mg/L in the initial outflow for all events, and then it increased 
gradually to reach concentrations comparable to 2.0 mg/L (inflow concentrations – 
NO3IN) by the end of phase I stabilisation period, irrespective of EN and ADD. Initial 
outflow nitrate-nitrogen concentration (NO3OUT: min2 – min20) was not 
significantly affected by ADD or EN while variation was observed in concentrations 
after the filter had settled (after phase I stabilisation). Furthermore, Figure 6.1b 
shows high removal of NO3-N (more than 80%) initially, that corresponded with 
almost constant lower initial NO3OUT (0.25 mg/L), while removal was significantly 
lower (less than 20%) once the filter had settled. This suggested that removal of NO3-
N is significantly lower in biofilters during the wet-phase of an event beyond phase I 
stabilisation. As discussed earlier in Chapter 5, outflow during phase I stabilisation 
comprised of both new stormwater (from the current event) and old water (retained 
from the previous event). According to the hypothesis, variation in outflow 
concentration observed during phase I stabilisation was essentially the result of 
removal or transformation of pollutants during the dry-phase that occurred in 
retained water. Applying the hypothesis to NO3-N removal during the first 30 minutes 
means that removal of NO3-N observed in first 30 minutes here could be potentially 
due to removal of that was in retained water. ADD and EN would therefore, 
potentially affect removal efficiency of NO3-N in biofilters during the dry-phase. 
Statistical tools are required therefore, to analyse their impact on outflow NO3-N 
concentrations (NO3OUT).  
 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  169 
6.2.2 Impact of inflow concentrations, on removal 
The following section analyses the impact of NO3-N concentration in the inflow, on 
their concentration in the outflow. Should significant removal of NO3-N have 
occurred during the dry-phase preceding an event from retained water (from the 
previous event), this would have been significant impact of the quality of stormwater 
feed in the previous event, on the current event outflow. Inflow concentrations of 
nitrate-nitrogen of current and previous events were therefore, considered as two 
independent variables (NO3IN and NO3PRE, respectively) for this analysis. 
 
 
Figure 6.2: Variation of NO3-N (a) concentration and (b) removal in outflow with time, and different inflow 
concentrations of current event (NO3IN) and inflow concentrations of the previous event (NO3PRE) 
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Figure 6.2 illustrates variation in NO3-N concentration and removal efficiencies with 
time during events with varying initial NO3-N concentration. Figure 6.2a shows 
significant variation in initial NO3OUT, unlike Figure 6.1a, where it was constant 
across events. In Figure 6.2a, initial NO3OUT varied significantly from 0.1 – 2.5 mg/L 
that gradually increased/decreased during all events and settled at different 
concentrations at the end of the stabilisation period. NO3OUT varied from 0.5 – 6 
mg/L during phase I stabilisation, mostly corresponding to respective NO3IN’s. In 
contrast to a small variation in NO3-N removal observed earlier in Figure 6.1b, a very 
significant variation was observed in NO3-N removal as shown in Figure 6.2b, ranging 
from -200 to 90%, where negative removal indicated leaching of NO3-N.  
Events that had high initial NO3OUT (min2 – min30) corresponded with high NO3PRE, 
irrespective of NO3IN. Higher NO3IN however, produced a significant increase in 
initial concentrations (min12 – min30), compared with those from lower NO3IN while 
the impact of NO3PRE was still evident. In addition, events that produced leaching of 
NO3-N were events that had a high NO3PRE and a lower NO3IN. Percentage removal 
being a comparison between inflow (NO3IN) and outflow (NO3OUT) of current event, 
lower NO3IN exaggerated percentage leaching in this analysis. 
 
6.2.3 Statistical analysis of removal of nitrate-nitrogen 
NO3OUT at different times (2, 7, 12, 20, 30, 60, 90, 120 and 150 min) were considered 
to be separate dependent variables (min2, min7, min12, min20, min30, min60, 
min90, min120 and min150, respectively) for statistical analyses. Initially, KMO 
(Kaiser-Meyer-Olkin) and Bartlett’s Test was applied to the sample matrix with 
independent (ADD, EN, NO3PRE and NO3IN) and dependent variables that yielded a 
KMO factor of 0.859, that ensured a successful Principal Component Analysis (PCA). 
Table 6.1 shows the variance in data explained by the two principal components that 
had an eigenvalues greater than 1. The first principal component explained 54% of 
the variance of data while the second component explained 31%, and both were 
significant. Together they explained 85% of the total variance in data matrix. This 
suggested adequate explanation of variance in the data obtained from the 
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experiments where interpretations based on the first two principal components were 
substantial to derive conclusions. 
Table 6.1: Principal Components with an eigenvalue greater than 1 
Component Rotation Sums of Squared Loadings 
Total % of Variance Cumulative % 
1 7.210 55.459 55.459 
2 4.025 30.964 86.423 
    
 
Figure 6.3 shows the plot of variables based on rotated component matrix of the two 
principal components in the PCA analysis. The first component was dominated by the 
independent variable NO3IN where min30 – min150 were closely clustered around 
NO3IN. This indicated that NO3IN has a high impact on NO3OUT, more particularly 
after phase I stabilisation (after min30). In addition, contribution of independent 
variables EN and NO3PRE were not significant in PC1, a result that suggested that 
they did not have a significant impact on NO3OUT after phase I stabilisation. 
Furthermore, while min2 was also unaffected by NO3IN, impact of NO3IN was 
observed to gradually increase through min7 – min20 and reached very significant 
levels of impact from min20.  
The Second principal component (Figure 6.3) in contrast, was dominated by NO3PRE, 
while also displaying a significant contribution from EN and ADD, with min2 and min7 
closely clustered around NO3PRE. This indicated a high impact of NO3PRE on 
NO3OUT up to 7 minutes. Furthermore, NO3PRE had a significant yet declining level 
of impact on min12 and min20, which further suggested that impact of NO3PRE was 
significant on NO3OUT until approximately 20 minutes of outflow. This impact 
decreased however, with time. Furthermore, min30 – min150 did not cluster around 
PC2 indicating no significant impact from NO3PRE on NO3OUT after stabilisation. In 
conclusion, the analyses thus far, confirm the influence of NO3PRE on NO3OUT 
during stabilisation period. This impact then decreased, in parallel with increasing 
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impact of inflow concentration of the current event. This further affirmed the 
concept of mixing of old and new water causing phase I stabilisation.  
 
Figure 6.3: Both independent and dependent variables on first two Principal Components (PC1 and PC2) 
Table 6.2 presents the coefficient of correlation estimates between independent and 
dependent variables and their respective levels of significance. NO3IN was strongly 
and significantly correlated with min30 – min150 that gradually increased from min7 
till min20 indicating significant impact of NO3IN on NO3OUT that also aligns with 
findings from PCA analysis. In addition, significant correlation between NO3PRE and 
min2 – min12 (that gradually decreased) further highlighting the impact of NO3PRE 
on min2 – min12. No significant impact of NO3PRE on NO3OUT after stabilisation was 
also confirmed. Basically that old water ceased to mix with new water after 
stabilisation, and that any removal occurring after stabilisation was necessarily 
related to the wet-phase of an event. The fact that the removal of NO3-N after 
stabilisation was considerably reduced compared to removal in the initial outflow, 
and that initial NO3OUT (first 30 minutes) was predominantly affected by NO3PRE, 
any removal that occurred during stabilisation was due to NO3-N removal from water 
that was retained during the dry-phase preceding the current event.  
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Table 6.2: Correlation and significance of correlation between dependant and independent variables 
  EN ADD NO3PRE NO3IN 
Correlation 
 
min2 .556 .303 .885 .242 
min7 .598 .413 .791 .419 
min12 .516 .572 .625 .654 
min20 .290 .506 .333 .888 
min30 .286 .441 .145 .976 
 min60 .275 .427 .101 .993 
 min90 .275 .410 .093 .993 
 min120 .279 .410 .085 .994 
 min150 .284 .407 .088 .994 
Significance 
(2-tailed) 
min2 .000 .014 .000 .040 
min7 .000 .001 .000 .001 
min12 .000 .000 .000 .000 
min20 .018 .000 .007 .000 
 min30 .019 .000 .150 .000 
  min60 .023 .001 .236 .000 
  min90 .023 .001 .253 .000 
  min120 .022 .001 .272 .000 
  min150 .020 .001 .266 .000 
 
 
6.2.4 Nitrate-nitrogen removal during the dry-phase of the 
event 
A significant amount of water was retained in the system at the end of an event and 
throughout the drying phase until the next rainfall event. The amount of water 
retained was very significant even after a 40 day drying period, with average degree 
of saturation of approximately 25% in the filter layer. This indicated that the filter had 
significant moisture to sustain biological processes during the dry-phase, provided 
that substrate for microorganisms was available in substantial quantities. The process 
of denitrification that removes NO3-N depends crucially on presence of anoxic 
environmental conditions and availability of labile organic carbon as both substrate 
for microorganisms and as an electron donor for the reduction of NO3-N. Retention 
of water around surfaces (filter material) can potentially develop anoxic micro-zones.  
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Presence of air-filled pores affect denitrification process where higher air-filled pores 
restrict development of anoxic zones by supplying oxygen through diffusion 
(Wollersheim et al., 1987). The soil moisture profile of the filter clearly illustrated that 
a very significant amount of water is retained especially at the bottom of the filter 
layer, even at very high antecedent dry days (ADD).  This can be depicted conceptually 
as shown in Figure 6.4.  The top layer that dried rapidly would have had a thin biofilm 
layer, and intrusion of air into void pores would have produced produce a fresh 
supply of oxygen around the biofilm.  Diffusion of oxygen into this thin biofilm 
therefore, would have produced aerobic conditions around the biofilm. The bottom 
filter layer in contrast, held more moisture and would have had a thicker biofilm 
around any solid surfaces.  Reduction in penetration of fresh air into reduced void 
pores would have further restricted diffusion of oxygen into the core of the biofilm, 
resulting in retention of stratified zones for a longer period. This would have 
facilitated denitrification for longer period of time extending into the dry-phase of 
the event. 
 
Figure 6.4: Dynamics of dissolved oxygen content during dormant period 
Furthermore, the complete length of the filter layer in the experiment was exposed 
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of the columns from the external ambient temperature.  Filter zone of the field-scale 
installations would however, be surrounded by native soil, that would be at a 
temperature considerably lower than ambient temperature of this experiment.  
Therefore, the soil moisture content in the filter layer in field-scale installations could 
be expected to be even higher than that was observed in the current laboratory-scale 
experiment. 
The conceptual model proposed above assumes that drying is uniform across the 
complete cross-section of the column and that it is equally divided with area.  In 
addition, it assumes that the whole filter bed is saturated during the wetting cycle of 
the event.  Consideration of short wetting during an event however, would not 
ensure saturation of the complete column.  Drying of an unsaturated column would 
also not be uniform as it is depicted in the conceptual model.  Analysis of the unfilled 
pore volume between events (Chapter 2) in the current study revealed a highly varied 
observation that indicates that drying of the column and the initial progression of 
wetting front, are highly preferential.  The filter layer is more likely therefore to 
contain sections that are drier and pockets that are wetter across a cross section of 
the filter, the average of which is depicted in the conceptual model.  
For effective nitrogen removal that encompasses both nitrification and denitrification 
which require aerobic and anoxic environments respectively, should happen in close 
proximity due to constrictions in transportation of nitrogen species. Transportation 
of nitrogen-species that is mostly effected by diffusion becomes more restricted 
during the dry-phase where percolation of water does not occur (nitrate-nitrogen 
resulting from nitrification in aerobic zone needs to be transported to anoxic zones 
for denitrification) (Baldwin and Mitchell, 2000; Brune et al., 2000; Payne et al., 2014; 
Tiedje et al., 1982). Although some researchers speculated that micro-zones 
contribute to enhanced removal of NO3-N through denitrification, Payne et al., (2014) 
and Baldwin and Mitchel (2000) argue that the dynamics of these micro-zones during 
the dry-phase may in turn negatively impact NO3-N removal by hindering microbial 
activities due to isolation  (Hunt  and Jarret, 2004; Hunt  et al., 2003). Such isolation 
between water retained in the system around filter particles would in fact enhance 
the opportunity of having both aerobic and anoxic zones in close proximity (co-centric 
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circles, as discussed in Chapter 2), that would in turn enhance both nitrification and 
denitrification processes in succession. Presence of soil moisture and the hypothesis 
that there are micro-environments with anoxic and anaerobic zones therefore, 
illustrate a more conducive environment for both nitrification and denitrification 
more specifically during dry-phase in biofilters.  
Figure 6.5 shows the conceptual depiction of saturated and unsaturated filter and the 
zones where nitrification (zone I – aerobic zone) and denitrification (zone II – anoxic 
zone) could possibly occur. Nitrate-nitrogen resulting from nitrification process in 
zone I will have to be transported to zone II for denitrification to reduce it to nitrogen. 
Transportation of nitrate-nitrogen over this distance is unlikely to occur, especially 
during dry-phase when water is stagnant (Payne et al., 2014). In such occasion, 
denitrification would be active, only near the boundary of zone I and II while 
denitrifiers in the rest of the anoxic zone will not receive nitrate-nitrogen. In contrast, 
in isolated zones produced in unsaturated zone brings both zone I and zone II to such 
close proximity where process of diffusion can effectively transport nitrate-nitrogen. 
In this situation, greater area of anoxic zone would actively support denitrification 
process, more efficiently removing it from the system.  
 
Figure 6.5: Conceptual diagram of zones in saturated (a) and unsaturated (b) biofilter 
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soil (Bakken, 1988; Philippot et al., 2006). However, effective stimulation also 
positively correlates to concentration of NO3-N in the soil, where lower NO3-N levels 
can even have negative impact eventually causing suppression of denitrification 
(Qian et al., 1997; Smith and Tiedje, 1979). In contrast, root exudates were observed 
not contribute to enhancement of denitrification, where it was argued that the root 
exudates did not have metabolisable organic carbon compounds (labile organic 
carbon), while in contrast, root exudates and mucilage without live plants have 
enhanced denitrification in some studies (Haider et al., 1987; Henry et al., 2008; 
Mounier et al., 2004). It is therefore evident that presence of organic carbon in 
dissolved form, and that is readily available for consumption of microorganisms is 
inevitable for efficient denitrification (Baggs and Blum, 2004; Bijay-Singh et al., 1988; 
Paul and Beauchamp, 1989). This study further confirmed that there was a significant 
amount of dissolved organic carbon in the retained water during the dry-phase, 
which is discussed in detail, later in this chapter.  Denitrification is therefore an active 
process in stormwater biofilters during the drying phase of an event provided there 
was substantial amounts of NO3-N in the environment. This is further confirmed by 
the observation from this study that suggested removal of nitrate-nitrogen occurred 
during the dry-phase of the event.  
Figure 6.2a showed that high NO3PRE caused an increase in NO3OUT, while almost 
stable initial concentrations were observed for lower NO3PRE. This indicated that 
there was a break-even NO3-N concentration in the retained water beyond which, 
removal of NO3-N had reached a point of saturation. In order to investigate this 
hypothesis, events were divided into two groups, based on the concentration of 
standard simulated stormwater: 
1. Events with NO3PRE less than 2.0 mg/L 
2. Events with NO3PRE greater than 2.0 mg/L 
NO3OUT at different times and independent variables were tested for correlation. 
Table 6.3 and Table 6.4 show correlation coefficients for events with NO3PRE less and 
greater than 2.0 mg/L, respectively. For events with NO3PRE less than 2.0 mg/L, 
NO3OUT at all times was significantly correlated to NO3IN while the correlation with 
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NO3PRE for this case was not significant. This indicated that the impact from NO3PRE 
on NO3OUT was at all times not significant.  
Table 6.3: Correlation between NO3OUT and NO3PRE and NO3IN for events with NO3PRE less than 2.0 mg/L 
  EN ADD NO3PRE NO3IN 
Correlation 
 
min2 .620 .420 .471 .803 
min7 .562 .649 .394 .847 
min12 .492 .627 .296 .868 
min20 .336 .471 .346 .954 
min30 .373 .436 .350 .986 
 min60 .376 .415 .323 .995 
 min90 .371 .405 .312 .994 
 min120 .369 .413 .312 .994 
 min150 .371 .408 .307 .995 
Significance 
(2-tailed) 
min2 .000 .004 .001 .000 
min7 .000 .000 .007 .000 
min12 .001 .000 .036 .000 
min20 .020 .001 .017 .000 
 min30 .010 .003 .016 .000 
  min60 .010 .005 .024 .000 
  min90 .011 .006 .028 .000 
  min120 .011 .005 .028 .000 
  min150 .011 .005 .031 .000 
 
In contrast, for events with NO3PRE greater than 2.0 mg/L, initial NO3OUT was 
significantly correlated to NO3PRE, while negligible (and not significant) correlations 
were observed with NO3IN for the same period of outflow. In the first analysis, the 
impact of NO3PRE was not significant due to the fact that all NO3-N retained from the 
previous event had been removed during the dry-phase, irrespective of NO3PRE. In 
contrast, the significant impact of NO3PRE on the second group indicates, that 
depending on NO3PRE, only a fraction was removed during the dry-phase with the 
remaining NO3-N ending up in the initial outflow of the current event. It is therefore 
evident that there is a point of saturation, beyond which process of denitrification 
ceases to effectively remove NO3-N from retained water.  
Table 6.4: Correlation between NO3OUT and NO3PRE and NO3IN for events with NO3PRE greater than 2.0 
mg/L 
  EN ADD NO3PRE NO3IN 
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Correlation 
 
min2 .291 .166 .950 -.269 
min7 .430 .068 .842 -.057 
min12 .081 .397 .788 .214 
min20 -.466 .593 .153 .688 
min30 -.243 .439 -.260 .971 
 min60 -.202 .439 -.322 .988 
 min90 -.182 .392 -.346 .989 
 min120 -.157 .366 -.386 .993 
 min150 -.143 .365 -.378 .993 
Significance 
(2-tailed) 
min2 .146 .277 .000 .166 
min7 .055 .404 .000 .420 
min12 .387 .071 .000 .222 
min20 .040 .010 .293 .002 
 min30 .192 .051 .175 .000 
  min60 .235 .051 .121 .000 
  min90 .258 .074 .103 .000 
  min120 .288 .090 .078 .000 
  min150 .306 .090 .082 .000 
 
Figure 6.6 shows presence of algae in a biofilter column. Although the biofilter 
columns were operated over a period of two years, presence of algae was not 
observed until the last couple of months of operation. The filter material was clear 
during experimental runs when either standard simulated stormwater or tapwater 
were used as the inflow feed. Algae appeared and multiplied in just 1.5 months when 
the columns were fed with higher strength simulated stormwater. The column that 
was fed with tapwater alone however, did not support any algal growth that could 
be observed. This suggested that presence of nitrate in biofilter over long periods of 
time when higher strength simulated stormwater was fed to the column. This 
indicated that substantial amounts of nitrate-nitrogen were probably present over 
the dry-phase of the events that could support algal growth in events with higher 
strength simulated stormwater. Nitrate-nitrogen was not present however, in events 
with lower strength simulated stormwater or tapwater. Thus, the capability of 
denitrification processes in biofilters can potentially reach a point of saturation 
beyond which NO3-N remains in the filter without being denitrified.  
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Figure 6.6: Photographs of a column with algae present 
Transient pulses of nitrate-nitrogen and ammonium-nitrogen have been observed in 
the past, that lasted for few days due to rapid microbial immobilisation (Cui and 
Caldwell, 1997; Gomez et al., 2012; Kruse et al., 2004; Scholz et al., 2002). It was not 
clear however, how long it took from re-wetting till the pulse was evident. The 
current study had the wet-phase that lasted only for 3 hours, where no such pulses 
were observed. In fact, similar activity had happened after 3 hours that was during 
the dry-phase that enhanced the denitrification process, and then settled eventually 
causing saturation in removal of nitrate-nitrogen. 
Other species of nitrogen, including ammonium-nitrogen, are generally transformed 
into NO3-N via nitrification and is then eventually reduced through denitrification and 
removed. Ammonium-nitrogen can also volatilise under basic conditions (Payne et 
al., 2014). The pH of water in this study remained close to 7.0 that ensured very 
limited or no removal of ammonium-nitrogen through vaporisation. Some amounts 
of nitrogen species are also consumed by certain microorganisms for cell growth. 
Higher removal of ammonium-nitrogen observed in this study indicated, that the 
denitrification process during dry-phase had to reduce NO3-N in the inflow together 
with NO3-N resulted from nitrification of ammonium-nitrogen. This study had not 
been designed to quantify the saturation point of denitrification process during dry-
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phase that also needs to consider nitrate-nitrogen resulting from nitrification 
processes.  
 
6.2.5 Removal of nitrate-nitrogen during the wet-phase of 
the event 
Observations from Figure 6.1b and Figure 6.2b show that removal of NO3-N after the 
stabilisation of the filter, is unaffected by NO3PRE, EN or ADD. This was also 
supported by the PCA and correlation analyses. Although concentration of NO3OUT 
after stabilisation of the filter was highly impacted by NO3IN, the removal percentage 
was observed to be low, irrespective of NO3IN (Figure 6.1b and Figure 6.2b). A One 
Sample t-Test on percentage removal of nitrate-nitrogen (NO3OUTP: mean of 
removal percentages after 60 minutes of outflow of all events against a value zero) 
showed that there was significant removal (an approximate mean of 15% for all 
events) occurred after stabilisation (during the wet-phase of the event).  
 
Figure 6.7: Variation in average removal efficiency (after stabilisation) with varying inflow concentrations 
Figure 6.7 shows the variation in removal efficiency after stabilisation of the filter, 
with varying inflow concentration of NO3-N. Very high removal of NO3-N was 
observed for events with lower NO3IN, while the removal efficiency decreased with 
increasing NO3IN and settled to 10% or below for events with NO3IN greater than 
2.0 mg/L. Significant removal indicated by statistical analyses discussed above was 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
0.00 1.00 2.00 3.00 4.00 5.00 6.00
R
em
o
va
l (
%
)
Inflow concentration (mg/L)
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  182 
biased due to higher removal efficiencies of lower NO3IN based events. NO3-N being 
negatively charged, is not generally adsorbed to any charged sites in the filter layer, 
and hence is highly mobile in the filter (Jones et al., 2005; Payne et al., 2014). 
Observations show however, that there was removal of NO3-N occurring during the 
wet-phase although removal efficiency was significantly low (removed approximately 
0.35 mg/L, based on removal efficiencies observed for lower NO3IN events). Any 
removal of NO3-N therefore, should be more certainly due to biological processes, 
including denitrification, dissimilatory nitrate reduction to ammonia or denitrification 
by nitrifiers (Bengtsson et al., 2003; Bengtsson and Bergwall, 2000; Herbert, 1999; 
Silver et al., 2001). This indicated that the biological processes were active (in the 
phase of reactivation, after starvation) although removal efficiencies were 
significantly low. 
As discussed earlier in Chapter 2, continuously fed systems that operate under 
saturated conditions, develop zones of anoxic and anaerobic environments along the 
depth of the filter, as dissolved oxygen is used up by various oxidation process and 
microorganisms (aerobic) in the upper layers of the filter. However, with rapid 
transportation of water through the filter layer may not provide sufficient retention 
time for these process to use and exhaust dissolved oxygen in the upper layers that 
would eventually affect development of anoxic and anaerobic zones in the bottom 
layers of the filter. This will obstruct denitrification process, and eventually affect 
removal of nitrate-nitrogen in the system. Presence of occasional anoxic micro-zones 
may still be accountable for removal of nitrate-nitrogen (although removal was 
minimal).   
Several studies suggested that longer retention times enhanced denitrification and 
hence removal of NO3-N both in biofilters and in natural systems (Bratieres et al., 
2008b; Dinnes et al., 2002). There was a significant reduction in saturated hydraulic 
conductivity (from an average of 450 to 300 mm/hr) in events with less than 3 ADD 
(discussed in Chapter 4 in detail). Removal of NO3-N after stabilisation however, did 
not show a significant change, in this study. The above mentioned studies were 
conducted under continuous or extended wetting conditions that allowed sufficient 
time for microbial communities to reactivate or grow to effect denitrification process, 
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that was reflected as enhance removal of NO3-N. The current study however, 
provided only a short wet-phase of 3 hours, where reactivation of microorganisms 
after a period of starvation (during the dry-phase) may not have occurred during the 
wet-phase of the event.  
 
Figure 6.8: Variation of average removal of NO3-N after stabilisation in events with inflow concentration of 
approximately 2.0 mg/L 
 
  EN ADD  EN ADD 
Correlation 
 
min2 .642 -.196 min60 -.182 .664 
min7 .506 .694 min90 -.123 .578 
min12 .229 .778 min120 -.101 .636 
min20 -.076 .706 min150 -.156 .599 
min30 -.171 .748    
Significance 
(2-tailed) 
min2 .001 .191 min60 .209 .000 
min7 .008 .000 min90 .293 .002 
min12 .152 .000 min120 .327 .001 
min20 .368 .000 min150 .245 .002 
 min30 .223 .000    
 
Figure 6.8 shows average removal of NO3-N after stabilisation (from 60 – 150 min of 
outflow) with ADD, for events with NO3IN of approximately 2.0 mg/L. Removal of 
NO3-N during the events with ADD less than 5 day is significantly less than the 
removal during events with ADD between 5 and 10 day. Thereafter, removal 
efficiency varied between 5 – 10%. There is a pulse of activity following re-wetting 
that settles in few days. Observation in this analysis show, that events with lower 
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ADD occur within the pulse created during the previous event that is in a decline 
mode, and hence result in reduced removal. In contrast, events with longer dry days 
entitle microorganisms to a phase of starvation, and hence require a phase of 
reactivation, the lag that causes reduced removal. The events with 5 – 10 ADD 
however, having recently ended the pulse of activity, and having not gone under 
prolonged starvation, react to a new pulse on rewetting that enhanced removal of 
NO3-N. 
 
6.2.6 Summary: Nitrate-nitrogen removal 
NO3-N, unlike ammonium-nitrogen, is highly mobile, and is readily transported 
through the filter and ends up in the outflow. Reduction of NO3-N to nitrogen by 
denitrification requires an anoxic environment that is uncommon in unsaturated 
filters. Oxidation of other species of nitrogen including ammonium-nitrogen that 
occur in aerobic environment, which is common in unsaturated filters and in rapid 
flow environments, further increases NO3-N concentration. Leaching of NO3-N from 
biofilters has been frequently observed.  
In contrast, removal of NO3-N was observed in the current study at all times during 
an event and across events with different EN, ADD and NO3IN’s. The process of 
denitrification inevitably requires anoxic environment, labile organic carbon as both 
substrate and electron donor and moisture to sustain microorganisms. Significant 
amount of water retained in the system at the end of each event, and after prolonged 
periods of drying, more specifically in the bottom layers of the filter. Presence of 
dissolved organic carbon was also observed in retained water that also contributed 
to denitrification process during the dry-phase. When a filter is unsaturated, 
presence of anoxic environment is the crucial condition that determines efficiency of 
denitrification in removing NO3-N.  
Significantly high levels of NO3-N removal were observed in the initial outflow during 
each event that gradually decreased across the stabilisation phase of the filter (30 
min) after which it settled. Very poor removal of NO3-N was observed in the outflow 
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after the stabilisation period for most of the events. Removal efficiencies in the initial 
outflow varied extensively depending on the NO3PRE, rather than NO3IN. In addition, 
impact of NO3PRE on removal efficiencies in the outflow also decreased 
simultaneously during stabilisation period, and ceased to affect NO3OUT beyond 
phase I stabilisation.  
Very limited removal of NO3-N during the wet-phase of the event indicated that any 
removal occurred in the initial outflow was due to removal from the retained water 
that constituted significant fraction of the initial outflow during stabilisation. 
Development of anoxic micro-zones in the biofilm surrounding filter material 
together with moisture and dissolved organic carbon is believed to have stimulated 
denitrification process during the dry-phase that eventually removed NO3-N. For 
events with NO3PRE less than approximately 2.0 mg/L, the impact of NO3PRE on 
NO3OUT at all times, including initial outflow, was observed to be not significant. In 
contrast, for events with NO3PRE greater than 2.0 mg/L, the impact of NO3PRE was 
highly significant. This suggested that NO3-N removal processes during the dry-phase 
were capable of removing all NO3-N when it was less than a certain concentration 
(2.0 mg/L) where it approached saturation in removal efficiency when NO3PRE was 
greater than the critical concentration. Since several other oxidation processes that 
oxidise other species of nitrogen, including organic-nitrogen and ammonium-
nitrogen, to nitrate-nitrogen, the saturation attained for NO3-N removal is believed 
to be significantly higher than 2.0 mg/L.  
A constant rate of removal of NO3-N, approximately 0.35 mg/L, was observed to be 
removed during the wet-phase of the event, where this corresponds to significant 
removal efficiencies for lower inflow NO3-N concentrations, mostly when less than 1 
mg/L. Nitrate-nitrogen being a cation, it is less likely to get adsorbed to any charged 
sites in filter material. Highly limited, yet active denitrification process restricted 
mostly by the rapid flow regime, was expected to have contributed to low removal 
efficiencies during the wet-phase.   
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6.3 Ammonium-Nitrogen 
6.3.1 Impact of ADD and EN 
Ammonium-nitrogen concentration in the outflow (NH4OUT) was monitored with 
time from samples taken at 2, 7, 12, 20, 30, 60, 90, 120 and 150 min from the 
beginning of outflow across events with varying Antecedent Dry Days (ADD) and 
Event Number (EN) but with constant inflow concentration (approximately 1.5 mg/L). 
Figure 6.9 show the variation of ammonium-nitrogen (NH4-N) in the outflow with 
time across events with different EN (Event Number) and ADD (Antecedent Dry Days). 
Initial NH4OUT was very low compared to inflow concentration (NH4IN), that then 
gradually increased and settled at concentrations lower than NH4IN (Figure 6.9a). 
 
 
Figure 6.9: Variation of (a) NH4-N concentration (b) NH4-N removal, in the outflow with time, EN and ADD 
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Unlike NO3OUT that settled in approximately 30 minutes (by the end of phase I 
stabilisation), NH4-N concentrations took longer (approximately 60 minutes) to 
settle. Initial NH4OUT was below 0.5 mg/L for all the events, similar to initial 
NO3OUT.   
While NH4-N concentrations settled at a concentration significantly lower than 
respective NH4IN indicating removal of NH4-N even after stabilisation of the filter for 
events with higher EN, events with lower EN (very young filters, with EN 
approximately up to 5), had continued to increase beyond NH4IN, indicating leaching 
of NH4-N from the filter itself. Figure 6.9b shows negative removal percentages for 
two events with EN 2 and 4, which indicated leaching of NH4-N from the filter after 
the phase I stabilisation. It is evident from the analysis, that unlike NO3-N that showed 
very low removal during the wet-phase of an event, significant removal of NH4-N 
occurred during the wet-phase of an event too.  
 
6.3.2 Impact of inflow concentration, on removal 
Figure 6.10 shows variation of NH4-N in the outflow with time across events with 
different inflow ammonium-nitrogen concentrations (NH4in: current event inflow 
and NH4PRE: inflow of the previous event) and different EN and ADD. Unlike variation 
in NO3-N concentration in the initial outflow during events with different inflow 
concentrations, initial NH4OUT was varied over a shorter range (0 – 0.5 mg/L) as 
shown in Figure 6.10a. NH4OUT after phase I stabilisation however, displayed 
significant variation as has been observed in NO3OUT, and this depended largely on 
inflow concentration. Another important finding was that the settled NH4-N 
concentrations increased with increasing NH4IN, a result also similar to the dynamics 
of NO3-N concentrations. 
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Figure 6.10: Variation in NH4-N (a) concentration and (b) removal in outflow with time, and different inflow 
concentrations of current event (NH4IN) and inflow concentrations of the previous event (NH4PRE) 
From Figure 6.10b it is evident, that removal of NH4-N occurred across all 
experiments with varying NH4IN, except for one event, that had very low NH4IN (0.13 
mg/L) and very high NH4PRE (3.80 mg/L). Another event that showed a significantly 
lower reduction during phase I stabilisation also had similar NH4PRE concentrations 
(3.81 mg/L) with a slightly higher NH4IN (0.37 mg/L). This case showed a very large 
difference in removal efficiency from the earlier events. Very low inflow 
concentrations are subjected to bigger error margins that also amplify removal 
efficiencies. Removal of NH4-N therefore occurred in all events considered in this 
section. In addition, events with NH4IN less than 1.0 mg/L showed only very low 
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NH4OUT after stabilisation, indicating 100% removal, while significant removal of 40 
– 60% was observed in other events with NH4IN as high as 4.86 mg/L (the highest 
inflow concentration considered in this study).  
 
6.3.3 Statistical analysis of removal of ammonium-
nitrogen 
NH4OUT at different times (2, 7, 12, 20, 30, 60, 90, 120 and 150 min) were considered 
as dependent variables (min2, min7, min12, min20, min30, min60, min90, min120 
and min150, respectively). Initial KMO and Bartlett’s Test on the sample matrix with 
independent (ADD, EN, NO3PRE and NO3IN) and dependent variables produced a 
result statistic of 0.806. Table 6.5 shows the proportions of variance that were 
explained by the three principal components that had an eigenvalue greater than 1. 
The first principal component explained 43% of the variance of data while the second 
explained 27%, and both were significant. Combined they explained 70% of the total 
variance in data matrix, while all three components together explained 83% of the 
variance. 
Table 6.5: Principal Components with an eigenvalue more than 1 
Component Rotation Sums of Squared Loadings 
Total % of Variance Cumulative % 
1 5.637 43.337 43.337 
2 3.472 26.705 70.043 
3 1.720 13.229 83.272 
 
While three principal components were identified with Eigen values greater than 1, 
owing to the significance of the first two components in relation to lesser significance 
of the third component (that explained only 13% of the variance, where other two 
explained significant fraction of the variance), only two principal components (PC1 
and PC2) were analysed. According to percentage of variance explained, PC1 is 
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significantly stronger than PC2, where as in NO3-N concentration analysis, 
significance of both PC1 and PC2 were comparable.  
Figure 6.11 shows the plot of variables based on rotated component matrix for PCA 
analysis on NH4OUT for all events in the study (with varying ADD, EN and inflow 
concentrations). The major contribution of the first Principal Component (PC1) was 
NH4IN, min60 min min150 were closely clustered. This result indicated a strong 
impact of NH4IN on NH4OUT after 60 min of outflow. Furthermore, ADD also made 
significant contribution to PC1, while ADD is significantly close to min2. In addition, 
significant influence that gradually increased was indicated by min12, min20 and 
min30 gradually getting closer to PC1 in the cluster. The second Principal Component 
(PC2) on the other hand, was not dominated by any single independent variable, but 
significant contribution came from NH4PRE followed by NH4IN. Variables, min7, 
min12 and min20 were closely clustered with NH4PRE, with min2 and min30 
clustering in proximity. According to Figure 6.11, EN had no impact on the outflow 
NH4-N concentration, at any time.  
 
 
Figure 6.11: Independent and dependent variables in the first two Principal Components (PC1 and PC2) 
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Table 6.6: Correlation and significance of correlation between dependant and independent variables 
  EN ADD NH4PRE NH4IN 
Correlation 
 
min2 .130 .101 .231 .200 
min7 .240 .009 .285 .555 
min12 .297 .130 .201 .697 
min20 .301 .147 .216 .774 
min30 .181 .174 .068 .889 
 min60 .027 .198 -.036 .876 
 min90 -.027 .202 -.051 .878 
 min120 -.014 .228 -.102 .902 
 min150 -.028 .238 -.113 .885 
Significance 
(2-tailed) 
min2 .218 .272 .081 .115 
min7 .073 .478 .042 .000 
min12 .035 .218 .113 .000 
min20 .033 .189 .096 .000 
 min30 .139 .148 .342 .000 
  min60 .437 .117 .414 .000 
  min90 .435 .112 .380 .000 
  min120 .467 .084 .272 .000 
  min150 .433 .075 .250 .000 
 
In order to better understand the patterns and impact of independent on dependent 
variables, correlation analysis was employed on the data matrix, the results of which 
are shown in  
Table 6.6. Correlation analysis confirmed the impact of NH4IN on NH4OUT, that was 
highly significant after 30 min of outflow, and significant impact on min7 – min20. 
Correlation analysis also confirmed that there was no significant impact of EN, ADD 
or NH4PRE on NH4OUT.  
 
6.3.4 Ammonium-nitrogen removal during wet-phase of 
the event 
As discussed earlier, a significant difference between NH4OUT analysis from NO3OUT 
concentration analysis was that, NO3OUT stabilised in 30 min, whereas NH4OUT took 
longer (60 min) to stabilise. It is important to note, that minimal NO3-N removal was 
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observed during the wet-phase of the event. Stabilisation, being a process that 
depends on the mixing of new water and old water (retained water), it cannot be 
different (eg. duration of stabilisation) for different pollutants. Water that retained 
in the system experienced NH4-N removal processes, and NH4-N was absent in 
retained water when the next event started. If there were no processes acting on the 
percolating new water, the concept of mixing that defined stabilisation of the filter 
must have been a similar phase I stabilisation duration in NH4OUT (30 minutes). 
Longer stabilisation of NH4OUT should therefore be due to a process that is specific 
to removal of NH4-N that prolonged its stabilisation.  
The most common NH4-N removal process is nitrification that oxidises it to NO3-N by 
nitrifier bacteria. Microorganism dependent processes are subjected to a lag-phase 
due to re-activation and growth of microorganisms at the beginning of each event. 
Immediate removal of NH4-N due to nitrification is therefore unlikely as a primary 
process of removal during the initial wet-phase. In addition, rapid percolation of 
water through the filter further restricts the contact time between microorganisms 
that are in the biofilm surrounding the filter material and NH4-N in suspension or 
dissolved in the percolating water. Earlier studies suggested, that while the rapid flow 
through the filter (percolation of stormwater in the filter) may not favour 
microorganisms assisted nitrification process during the flow, ammonium ions can be 
adsorbed to negatively charged sites on the filter material (Davis et al., 2001; Davis 
et al., 2006; Jones et al., 2005; Payne et al., 2014). This process of adsorption, also 
known as retardation in contaminant transportation, is capable of removing 
significant amounts of NH4-N from the percolating stormwater, provided that there 
were negatively charged sites available in the filter layer, and that the charged sites 
came into contact with the ammonium ions present in the percolating stormwater. 
Furthermore, process of adsorption will continue until all negatively charged sites on 
the filter material are exhausted by occupation of NH4-N or other anions. The process 
of adsorption in addition, causes a lag in NH4-N mobilisation in filters, much less than 
NO3-N (Jones et al., 2005). This was believed to be the reason for a longer stabilisation 
period for NH4-N observed in this study. 
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Significant removal (40 – 100%) of NH4-N also continued after stabilisation, a process 
that was also influenced by NH4IN. This removal of NH4-N could be either due to 
adsorption processes discussed above or reactivated nitrification process. Unlike 
removal of NO3-N where rapid flow through the filter hinders denitrification due to 
presence of aerobic conditions, the very same reason favours removal of NH4-N 
through nitrification that does require aerobic conditions, provided the 
microorganisms (nitrifiers) are present in sufficient numbers. Microorganisms in 
stormwater biofilters are most likely to be present in the biofilm surrounding filter 
particle as discussed earlier, due to short wet-phase that prohibits formation of 
extended growth of microbial communities. Nitrification process would efficiently 
transform NH4-N that was present in the biofilm, and hence pave the way for some 
transportation of NH4-N through the process of diffusion from percolating new water 
into the biofilm. This is referred by Davis (2001) as restrictions pertaining to 
nitrification process in removing NH4-N during rapid flow through the filters.   
Another possible reason, particularly related to this study is that there was significant 
amount of montmorillonite clays added to the simulated stormwater together with 
kaolinite, to represent suspended solids in stormwater. While kaolinite structure is 
devoid of any charged sites, montmorillonite carries negatively charged sites that 
attract NH4-N through adsorption. A significant immobilisation of this 
montmorillonite clay in the filter (discussed later in this chapter) in turn can 
immobilise NH4-N that was attached to it, causing a reduction in NH4OUT.  
In order to analyse variation in NH4-N removal after 60 minutes of outflow, NH4OUT 
at different times after stabilisation (min60, min90, min120 and min150) were 
plotted against NH4IN, as shown in Figure 6.12. Trend lines through the origin (linear) 
for observations on concentration at each point of time were also drawn, where the 
gradient of the trend line gives NH4OUT as the average fraction of the NH4IN. While 
the R2 value for all four fits showed that the correlation was significant and valid, the 
gradient gradually decreased between min60 and min120 and then remained 
constant until min150. This suggested that removal of NH4-N continued to increase 
even after 60 minutes until 120 minutes  from 44% [(1-0.557)*100 where 0.557 is the 
gradient] to 59%, after which it remained at 60% then onwards.  
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Figure 6.12: Outflow ammonium-nitrogen (NH4-N) concentration after 60 min of outflow (min60 - min150) with 
inflow ammonium-nitrogen concentration 
Analysis of removal of suspended solids in biofilter columns (discussed later in this 
chapter) showed that suspended solids concentration in the outflow settled in 
approximately 30 min (phase I stabilisation). Furthermore, the analysis revealed, that 
suspended solids in the outflow during the stabilisation period, mainly resulted from 
washoff of filter material, rather than solids in inflow being transported through the 
system. If the second hypothesis, that NH4-N was adsorbed to montmorillonite 
particles in the inflow and then got removed as montmorillonite clay got filtered in 
the filter layer, remained true, NH4OUT must have settled by 30  minutes of outflow 
indicating constant removal there afterwards. Observations in the current study 
however, do not support this hypothesis, indicating that the impact of other 
processes must be significant.  
Should removal of NH4-N be due solely to nitrification, this would justify an increase 
in removal efficiency as the nitrifier community continued to grow during the wet-
phase of the event. Removal efficiency approaching a constant after 120 minutes of 
outflow however, suggested that the growth of microorganisms and associated with 
an increasing trend in removal efficiency had ceased, and had reached a saturation 
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point by 120 minutes of outflow. This may have resulted from rapid flow through the 
system, that inhibits development of a biofilm and hence growth of microorganisms. 
Constant removal however, may have been reached based on the collective activity 
of diffusion mechanism and nitrification in the biofilm.  
The fact that a constant removal of NH4-N occurred irrespective of NH4IN suggested 
that a physical process, more specifically either filtration and/or flow regime had 
significant impacts on removal efficiency and stabilisation of NH4OUT during the wet-
phase. Therefore, it was concluded that NH4-N removal is significant during wet-
phase of the event, mostly due to nitrification process that was limited by the flow 
regime and diffusion, and due to filtration of any clay particles in the inflow, that had 
adsorbed NH4-N to their surfaces.  
 
6.3.5 Ammonium-nitrogen removal the during dry-phase 
of an event 
At the end of each event, significant NH4-N was present in the outflow. This indicated 
that a fraction of stormwater from that event that was retained had significant 
amounts of NH4-N. Initial outflow of the subsequent event however, had either 
negligible or very low amounts of NH4-N, irrespective of NH4IN or NH4PRE of that 
event. This indicated that NH4-N removal processes were active during the dry-phase 
of an event.  
NH4-N that was adsorbed to the filter material during the wet-phase of the event, 
together with NH4-N that was dissolved in the retained water during the dry-phase, 
may then undergo transformation to NO3-N through nitrification. Consequently this 
would avail the negatively charged sites in the filter that were occupied before, for 
fresh occupation, that would in turn reactivate the process of adsorption in the wet-
phase of the subsequent event. As shown in Figure 6.4, aerobic micro-zones exist in 
the water retained around filter surfaces, which are also in contact with air that 
supply oxygen to these zones. This can facilitate nitrification processes during the dry-
phase of an event. This is further enhanced by isolation of retained water in the filter, 
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where each area of retained water around filter particles would have aerobic, anoxic 
and anaerobic zones, increasing both the area of each zone, and coupling them in 
close proximity to enhance complete removal of nitrogen. Aerobic zone being located 
in the outer surface, it encompasses more area, and hence facilitate high degree of 
ammonium-nitrogen removal through nitrification process.  
According to the concept of mixing of old and new water that causes phase I 
stabilisation suggests, a similar trend to that of NO3-N should be observed for NH4-N, 
where significant impact of NO3PRE on the outflow during stabilisation, that also 
decreased with time. Analysis on NH4-N however, revealed no significant impact of 
NH4PRE, on NH4OUT throughout the wet-phase including stabilisation. It was 
therefore concluded that irrespective of NH4PRE, nitrification removed all NH4-N 
during the dry-phase. As suggested earlier, due to higher area that remained aerobic 
during the dry-phase, impact of nitrification on NH4-N removal was significantly 
higher compared to denitrification, where anoxic zones are comparatively smaller, 
and that anoxic zones depleted with continued drying.  
The main factors that affect nitrification in soil are temperature, moisture, pH and 
availability of substrate for microorganisms, such as NH4-N, O2 and CO2 (Stevenson, 
1986). While pH in this study remained constant around 7.0 across all events, ambient 
temperature varied between 10 – 180C during the night time and 20 – 320C during 
the day time. Analysis on the results however, did not show any significant impact of 
this temperature change on NH4-N removal while varying ADD and NH4IN varied 
moisture and substrates availability, respectively. While roots of plants did suppress 
nitrification process in the rhizosphere soil due to competition for NH4-N, live plants 
were also observed to stimulate process of nitrification due to availability of higher 
levels of organic matter, although stimulation of nitrification varied extensively with 
plant species (Enwall et al., 2007; Herman et al., 2006; Ishikawa et al., 2003; Philippot 
et al., 2008; Sylvester-Bradley et al., 1988; Wheatley et al., 1990). While presence of 
organic carbon plays a pivotal role in enhancing nitrification process, earlier studies 
have also observed other processes that contributed to transforming or removing 
NH4-N in soils, in particular, the impact of growth of heterotrophic bacteria on NH4-
N consumption. Competition between heterotrophic bacteria and autotrophic 
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nitrifying bacteria depends on availability of organic carbon (Okabe et al., 1996; 
Philippot et al., 2008; Raszka et al., 2011; Verhagen et al., 1992; Verhagen and 
Laanbroek, 1991). Presence of organic carbon in large amounts causes the stronger 
heterotrophic bacteria to suppress autotrophic nitrifier bacteria and assimilate NH4-
N that in turn causes a reduction in nitrification (Jones and Richards, 1977; 
Montagnini et al., 1989). Removal of NH4-N from percolating stormwater or retained 
stormwater through assimilation by heterotrophic bacteria will immediately reduce 
NH4-N levels in the outflow, yet, that nitrogen will not be removed from the system 
(Payne et al., 2014). Rather, it will be released to the system when heterotrophic 
bacteria die. In contrast, transformation of NH4-N due to nitrification to NO3-N, will 
remove it from the system, either by subsequent reduction to nitrogen gas through 
denitrification or by leaching from the system.   
 
6.3.6 Summary: Ammonium-nitrogen removal 
Immobilisation of ammonium-nitrogen in biofilters result from either nitrification by 
nitrifiers or assimilation by heterotrophic bacteria, in turn reduce ammonium-
nitrogen in the outflow. While assimilation does not contribute to ultimate removal 
of nitrogen from the system, nitrification leads to ultimate removal eventually 
through denitrification or by mobilisation and leaching. Nitrification therefore, is the 
preferred ammonium-nitrogen removal process in biofilters. Although plants are 
observed to affect nitrification both positively and negatively depending 
collaboratively on several other factors, including soil moisture, temperature, roots 
of the plant, exudates of live plants and roots and dissolved oxidation levels, this 
study was designed to understand the contribution of filter alone together with 
microorganisms on ammonium-nitrogen removal. Any impact of plants on 
ammonium-nitrogen removal or transformation is therefore not significant and 
hence not considered for analysis.  
Efficient removal of ammonium-nitrogen from percolating stormwater was observed 
throughout the wet-phase of all events in this study. Significant amounts of 
ammonium-nitrogen are adsorbed to negatively charged sites on filter material and 
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consequently reduce ammonium-nitrogen levels in the outflow from the beginning 
till the end of outflow. Nitrification transforms ammonium-nitrogen (both adsorbed 
and in dissolved form in the biofilm around filter material) to nitrate-nitrogen, 
although this process is limited by diffusion by which ammonium-nitrogen from 
percolating stormwater is delivered to such active sites. The process of diffusion is 
largely limited by rapid transportation of stormwater through the filter during the 
wet-phase of the event.  
In contrast, all ammonium-nitrogen retained both in dissolved form and that 
adsorbed to the filter material are removed during the dry-phase of the event. This 
makes adsorption sites available again and biofilms devoid of ammonium-nitrogen, 
so that effective diffusion could occur during the wet-phase of a subsequent event. 
Ammonium-nitrogen removal processes during the dry-phase of an event remove all 
ammonium-nitrogen up to approximately 5 mg/L, irrespective of their concentrations 
and ADD. Air-filled pores and presence of dissolved organic carbon in the retained 
water during the dry-phase and stimulation of microorganism activity due to re-
wetting, all contribute positively to ammonium-nitrogen removal. It is not clear 
however, if ammonium-nitrogen removal is particularly due to nitrifiers that oxidise 
ammonium-nitrogen to nitrate-nitrogen. This is because of the fact that presence of 
organic carbon in large amounts also causes suppression of nitrifiers by the stronger 
heterotrophic bacteria that compete with nitrifiers for ammonium-nitrogen to 
assimilate for cell growth.  
Intermittent wetting and drying of the columns therefore, make the environment in 
the filter conducive by supplying fresh air into the filter that provides dissolved 
oxygen in retained water and produce aerobic environment that is necessary for 
nitrification process. This is particularly advantageous compared to systems under 
saturated condition during the dry-phase of the event, where dissolution of oxygen 
to form aerobic environment is restricted, and in turn negatively impact on 
nitrification process. Availability of dissolved organic carbon, another important 
substrate for nitrifiers, is also enhanced in systems with intermittent wetting and 
drying than continuously wet systems.  
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Impact of other environmental variables including antecedent dry days (ADD), event 
number (EN – age of filter) and small variations in ambient temperature were not 
significant in the range of ammonium-nitrogen concentrations analysed in this study 
(approximately 0 – 5 mg/L). The average loading of ammonium-nitrogen in general 
stormwater runoff however, is lower than 5 mg/L, which indicates proven capability 
of bioretention filters in reducing ammonium-nitrogen in the outflow.  
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6.4 Total Nitrogen (TN) 
6.4.1 Impact of ADD and EN 
Essentially the same analysis as described earlier was employed for Total Nitrogen 
(TN). Figure 6.13 shows the variation in TN concentration (a) and removal (b) with 
time, across events with different ENs and ADDs.  
 
 
Figure 6.13: Variation in (a) TN concentration (b) TN removal, in the outflow with time, EN and ADD 
Compared to NO3-N and NH4-N, a more gradual, yet significant increase in TN 
concentrations was observed across all events for the first 30 – 60 minutes of outflow 
(Figure 6.13a). Thereafter, TN concentrations settled at concentrations significantly 
less than inflow TN concentrations (TNIN) in all events analysed. A definitive bend in 
the concentration curve at 30 minutes was observed for NO3-N, while a delayed 
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stabilisation was observed for NH4-N (60 min). The change of trend in TN 
concentration clearly shows the collective impact of both NO3-N and NH4-N, where 
the change is smoother and extends from 30 to 60 minutes. Initial TN outflow 
concentrations (TNOUT) at min2 however, showed a significantly higher 
concentrations (approximately 1.5 – 2.0 mg/L) than that was attained from addition 
of NO3-N and NH4-N, where both (initial NO3OUT and NH4OUT) were less than 0.5 
mg/L for all events considered for ADD and EN impact analysis.  
Figure 6.13b shows a constant removal efficiency of approximately 75% in the initial 
outflow, a level which is less than average removal efficiency of both NO3-N and NH4-
N. NO3IN and NH4IN being approximately 2 and 1.5 mg/L with average initial removal 
efficiencies above 80% and 90% respectively. If total nitrogen is composed of only 
both of these species of nitrogen, a removal efficiency of approximately 85% must 
have been observed for TN. TN in the outflow therefore, has a significant contribution 
from organic-nitrogen. From earlier discussions in Chapter 5, it is evident that 
leaching of organic-nitrogen from the filter layer ceases to contribute to TN, after the 
first few events (when the filter was very young). Organic matter (<0.01%) would also 
rarely release any organic-nitrogen, so it would be unlikely that significantly impact 
on TN concentration in the outflow. Inflow in the experiments undertaken here 
however, included approximately 2.0 mg/L of organic-nitrogen, provided in the form 
of glycine. The contribution to TNOUT was therefore due to transportation of organic-
nitrogen in the inflow through the filter with limited removal. In contrast, removal of 
TN was significantly higher (30 – 50%) compared to poor removal of NO3-N 
(approximately 10%) and NH4-N (approximately 25%). Higher removal of TN was 
therefore due to higher removal of organic-nitrogen in the outflow, after stabilisation 
of the filter.  
 
6.4.2 Impact of inflow concentrations, on removal 
As with NO3-N and NH4-N, variation in TNOUT varying with time across events with 
different inflow TN concentrations is illustrated in Figure 6.14. 
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Figure 6.14: Figure 6.8: Variation in TN (a) concentration and (b) removal in outflow with time, and different 
inflow concentrations of current event (TNIN) and inflow concentrations of the previous event (TNPRE) 
A significant impact of inflow concentration of both current and previous events was 
observed in TNOUT as shown in Figure 6.14a. There was a clear trend for gradual 
increase in initial TNOUT in events with varying inflow concentration. Impact of initial 
concentration was evident in TNOUT after phase I stabilisation of the filter. Removal 
efficiencies shown in Figure 6.14b reflected a slight decrease from approximately 75% 
for most events that ultimately settled at removal efficiencies ranging between 30 
and 60%. Events with higher TNPRE and lower TNIN showed reduced or negative 
removal initially, indicating a significant impact of TNPRE on the initial outflow, 
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following which they too approached settled removal efficiency within the range 
observed in other events.  
6.4.3 Statistical analysis of removal of total nitrogen 
TNOUT at different times (2, 7, 12, 20, 30, 60, 90, 120 and 150 min) were considered 
as dependent variables (min2, min7, min12, min20, min30, min60, min90, min120 
and min150, respectively). Initial KMO and Bartlett’s Test were employed on the 
sample matrix with independent (ADD, EN, TNPRE and TNIN) and dependent 
variables and resulted in a value of 0.861, that indicated that Principal Component 
Analysis (PCA) was appropriate. Table 6.7 shows the variance of data explained by 
two principal components that had an eigenvalue greater than 1. The first principal 
component explained 49% of the variance while the second explained 34%, and both 
being significant, together they explained 83% of the total variance in data matrix.  
Figure 6.15 presents the plot of variables on the first two principal components from 
rotated component matrix resulting from PCA analysis. The first principal component 
(PC1) was dominated by the independent variable, TNIN, where TNOUT after phase I 
stabilisation of the filter (min60 – min150) were closely clustered with TNIN. 
Significant of influence of TNIN on TNOUT gradually increased from min12 until 
min30, indicated by the component scores for those dependent variables (min12, 
min20 and min30). While EN and TNPRE made no significant contribution to PC1, ADD 
had lower, yet a significant contribution to the same, indicating some influence on 
TNOUT, more particularly after stabilisation of the filter.  
Table 6.7: Principal Components with an eigenvalue more than 1 
Component Rotation Sums of Squared Loadings 
Total % of Variance Cumulative % 
1 6.372 49.018 49.018 
2 4.485 34.498 83.516 
 
In contrast, the second principal component (PC2) was dominated by the 
independent variable TNPRE, where initial TNOUT from min2 till min12 were 
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clustered closely with this component, indicating a very significant influence of TNPRE 
on min2 – min12. Impact of TNPRE gradually decreased however, from min12 till 
min30 beyond which it ceased to impact TNOUT (after stabilisation of the filter). TNIN 
on the other hand, made no significant contribution to PC2. However, a gradual 
increase in impact of TNIN between min12 to min30 was already evident in PC1. EN 
and ADD, also made significant contribution to PC2, indicating some impact on min2 
– min30.  
 
 
Figure 6.15: Independent and dependent variables associated with the first two Principal Components (PC1 
and PC2) 
 
Table 6.8 presents correlation coefficients between independent and dependent 
variables (based on a linear correlation). EN and ADD displayed a significant yet 
reduced degree of impact indicated by lower correlation coefficients, on TNOUT 
during stabilisation (min2 – min30). TNPRE in contrast, displayed a very significant 
impact indicated by higher correlation coefficient, in the beginning of outflow, that 
then decreased gradually until min30, beyond which essentially disappeared, 
indicated by faint correlation coefficient together with lower significance. In contrast, 
TNIN had significant impact on TNOUT at all times, yet, the impact was minimal at 
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the start of outflow and then increased gradually until it showed a very strong impact 
on concentration after 30 min (stabilisation).  
Table 6.8: Correlation and significance of correlation between the dependant and independent variables 
  EN ADD TNPRE TNIN 
Correlation 
 
min2 .333 .301 .705 .355 
min7 .316 .425 .617 .506 
min12 .364 .465 .585 .596 
min20 .360 .481 .498 .747 
min30 .322 .463 .354 .875 
 min60 .229 .340 .141 .959 
 min90 .205 .312 .093 .967 
 min120 .171 .340 .062 .979 
 min150 .165 .330 .057 .979 
Significance 
(2-tailed) 
min2 .007 .014 .000 .005 
min7 .010 .001 .000 .000 
min12 .004 .000 .000 .000 
min20 .004 .000 .000 .000 
 min30 .009 .000 .005 .000 
  min60 .050 .006 .157 .000 
  min90 .070 .011 .253 .000 
  min120 .110 .006 .330 .000 
  min150 .118 .008 .343 .000 
 
In order to analyse removal of TN during the dry-phase, a similar analysis employed 
for NO3-N was utilised for TN, as described below. Events were divided into two 
groups based on TNPRE, where the first group had events with TNPRE less than 5.5 
mg/L (concentration of TN in standard simulated stormwater used for this 
experimental study), while the second group had events with TNPRE greater than 5.5 
mg/L. Table 6.9 presents correlation coefficients and significance levels between 
independent and dependent variables for events with TNPRE less than 5.5 mg/L.  
A contrasting observation was evident in this analysis. Impact of TNPRE on TNOUT 
was significantly reduced with only limited or no significant effect at all times during 
the wet-phase. In contrast, impact of TNIN on initial TNOUT (min2 – min30) increased 
to an optimum level, on par with the impact it had on TNOUT after phase I 
stabilisation (min60 – min150) from earlier analysis on all events. While correlation 
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of TNOUT with ADD slightly increased in this analysis, levels were much lower 
compared to the impact from TNIN.  
Table 6.9: Correlation and significance of correlation between dependant and independent variables, for 
events with TNPRE less than 5.5 mg/L 
  EN ADD TNPRE TNIN 
Correlation 
 
min2 .235 .451 .227 .901 
min7 .280 .498 .213 .921 
min12 .385 .523 .222 .955 
min20 .423 .490 .311 .970 
min30 .435 .487 .328 .976 
 min60 .398 .421 .338 .983 
 min90 .390 .409 .346 .980 
 min120 .388 .424 .358 .984 
 min150 .391 .413 .350 .984 
Significance 
(2-tailed) 
min2 .182 .007 .198 .000 
min7 .109 .003 .225 .000 
min12 .025 .002 .206 .000 
min20 .013 .003 .074 .000 
 min30 .010 .004 .058 .000 
  min60 .020 .013 .051 .000 
  min90 .023 .016 .045 .000 
  min120 .023 .013 .038 .000 
  min150 .022 .015 .042 .000 
 
Table 6.10 presents results of correlation analysis for events with TNPRE greater than 
5.5 mg/L. Observations in this analysis were the opposite to that from analysis on 
lower TNPRE events. Impact of TNPRE was very high with higher significance on 
TNOUT initially (min2 – min20), while TNIN had no significant impact. The trend in 
impact of TNPRE and TNIN on TNOUT changed gradually where impact of TNPRE 
decreased and TNIN increased. Eventually no significant impact of TNPRE and higher 
impact of TNIN resulted on TNOUT after phase I stabilisation of the filter.  
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Table 6.10: Correlation and significance of correlation between the dependant and independent variables, for 
events with TNPRE greater than 5.5 mg/L 
  EN ADD TNPRE TNIN 
Correlation 
 
min2 .388 .266 .933 -.048 
min7 .291 .405 .915 .018 
min12 .260 .437 .912 .087 
min20 .125 .482 .843 .223 
min30 -.093 .422 .619 .516 
 min60 -.311 .123 .112 .851 
 min90 -.350 .056 -.033 .915 
 min120 -.438 .137 -.140 .964 
 min150 -.447 .133 -.165 .969 
Significance 
(2-tailed) 
min2 .101 .271 .000 .845 
min7 .227 .085 .000 .942 
min12 .282 .061 .000 .722 
min20 .611 .037 .000 .358 
 min30 .705 .072 .005 .024 
  min60 .195 .616 .649 .000 
  min90 .142 .820 .893 .000 
  min120 .061 .577 .567 .000 
  min150 .055 .588 .499 .000 
 
 
6.4.4 Total Nitrogen removal  
Removal of Total Nitrogen (TN) essentially followed a collective trend as for NO3-N 
and NH4-N. While impacts of both TNPRE and TNIN were evident form statistical 
analysis for all events, with TNPRE being predominant in impacting initial TNOUT, 
TNIN took dominance on TNOUT after phase I stabilisation. As discussed earlier, 
NH4PRE had no impact on NH4OUT, indicating complete removal of NH4-N from 
retained water for all inflow concentrations analysed in this study. However, TN 
analysis reflected the impact of NO3PRE on NO3OUT, with significant TNPRE impact 
on TNOUT, which also gradually decreased till 30 min of outflow. The impact of 
NO3IN and NH4IN on respective outflow concentration after stabilisation was 
reflected in the TN analysis, with a significant impact of TNIN on TNOUT after phase I 
stabilisation. The collective effect of NO3-N and NH4-N was also evident over the 
period of stabilisation with regards to TN, where the increase was smoother, and the 
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change in trend more prolonged from 30 – 60 min that encompassed a sudden 
change of NO3-N at 30 min and NH4-N at 60 min.   
Furthermore, saturation of NO3-N removal as discussed earlier was reflected in the 
TN analysis. The correlation analysis employed on two groups of events, segregated 
based on TNPRE with the first less than and the second greater than 5.5 mg/L. This 
illustrated the minimal or non-significant impact of TNPRE on initial TNOUT for events 
with TNPRE less than 5.5 mg/L. A contrasting effect was evident however, for TNPRE 
on initial TNOUT for events with TNPRE greater than 5.5 mg/L. This implied, that any 
amount of TN retained that was less than 5.5 mg/L was removed during dry-phase, 
while a fraction of TN retained was removed during dry-phase when it was greater 
than 5.5 mg/L. From NH4-N analysis it was found that all NH4-N retained in the system 
were removed irrespective of NH4PRE. Saturation of TN removal therefore, was the 
reflection of NO3-N removal saturation. In addition, the limiting value of 5.5 mg/L TN 
corresponds to 2.0 mg/L NO3-N, further affirms its impact of NO3-N on TN trends.  
 
6.4.5 Summary: Total nitrogen removal 
Total nitrogen is usually composed of nitrate-, ammonium-, nitrite- and organic-
nitrogen species. Dynamics of TN removal in stormwater biofilters therefore, is 
expected to reflect the cumulative dynamics of each of the species. Since nitrite-
nitrogen was always below detection limit of the analytical instrument (a highly 
unstable species of nitrogen, that is readily oxidised to nitrate-nitrogen), TN removal 
trends were expected to reflect removal trends of the other three species of nitrogen. 
Total nitrogen concentration in the initial outflow (min2) was significantly higher than 
the cumulative concentration of nitrate-nitrogen and ammonium-nitrogen, 
indicating significant contribution from organic-nitrogen. Similarly, removal 
efficiencies of TN being significantly different from the collective effect of removal 
efficiencies of nitrate- and ammonium-nitrogen indicated significant contribution 
from organic-nitrogen due to potentially higher removal efficiencies. The impact of 
various independent variables analysed in this study (EN, ADD and inflow 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  209 
concentrations) on TN however, resembled the cumulative effect of their impact on 
nitrate-nitrogen and ammonium-nitrogen. It was therefore evident that total 
nitrogen as a parameter, is efficiently removed in stormwater biofilters, when 
operated under intermittent wetting and drying, with more contribution from the 
dry-phase than that from the wet-phase.   
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6.5 Turbidity 
6.5.1 Impact of ADD and EN 
Turbidity in the outflow was monitored over time, as it was done with other 
pollutants discussed earlier. Figure 6.16 shows variation in turbidity (TU) with time, 
across events with varying EN and ADD, and constant inflow concentration 
(approximately 50 NTU).  
 
 
Figure 6.16: Variation of (a) TU concentration (b) TU removal, in the outflow with time, EN and ADD 
As with nitrogen species concentration in the outflow that settled after 
approximately 30 minutes of outflow, a similar pattern was observed for turbidity 
over the first 30 minutes of outflow. Turbidity in initial outflow (min2) varied widely 
between 100 – 700 NTU, indicating leaching from the filter of approximately 1000% 
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compared with inflow concentration (TUIN). Initial flush of suspended solids, that 
caused increased an increase in turbidity, varied with EN and ADD. Turbidity then 
decreased rapidly, reaching concentrations well below respective TUIN, indicating 
removal after stabilisation that varied around 60 – 90% of removal. It is also evident 
from Figure 6.16 that turbidity settled to almost a constant value across all events 
irrespective of EN and ADD, indicating non-significant impact of those variables on 
outflow turbidity after phase I stabilisation.  
6.5.2 Impact of Initial turbidity concentration in the 
inflow, on removal 
 
 
Figure 6.17: Variation in TU (a) concentration and (b) removal in outflow with time, and different inflow 
concentrations of current event (TUIN) and inflow concentrations of the previous event (TUPRE) 
Figure 6.17 shows variation in outflow turbidity with time, across events with 
different inflow concentration of current (TUIN) and previous (TUPRE) events 
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together with varying ADD and EN. Phase I stabilisation observed earlier, was evident 
in all events that occurred for approximately 30 minutes, irrespective of EN, ADD, 
TUPRE or TUIN. Although duration of phase I stabilisation was unaffected by the 
variables mentioned above, turbidity in the outflow during stabilisation varied widely 
with events. Due to the complexity of the impacts detected, it was not possible to 
identify the individual impact of each independent variable on TUOUT from the figure 
in isolation. Unlike observations on nitrogen species removal after stabilisation that 
varied depending on inflow concentrations, turbidity in contrast was almost a 
constant in the outflow after phase I stabilisation irrespective of TUIN. In order to 
investigate the impact of each variable on outflow turbidity over time, this was 
examined separately and is discussed below.  
 
6.5.3 Statistical analysis of removal of turbidity 
Outflow turbidity at different times (min2 – min150) for all events with simulated 
stormwater feed were considered for statistical analysis. Events fed with tapwater 
alone showed zero TUIN, and therefore any turbidity in outflow of those events was 
a washoff of filter material. These events are compared later with events fed with 
simulated stormwater.  
Table 6.11: Principal Components with an eigenvalue more than 1 
Component Rotation Sums of Squared Loadings 
Total % of Variance Cumulative % 
1 8.604 66.184 66.184 
2 1.674 12.880 79.064 
 
The initial KMO test yielded a coefficient of 0.819 that ensured a successful Principal 
Component Analysis (PCA).  Table 6.11 shows principal components that had an Eigen 
value greater than 1 and the percentage of variance of data explained by each of the 
principal component. A very significant percentage (66%) of the data was explained 
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by the first principal component (PC1) while the second principal component only 
explained 13 % of the variance in data.  
Figure 6.18 shows the plot of variables on the rotated matrix of the first two principal 
components (PC1 and PC2) obtained from PCA analysis discussed above. The first 
principal component (PC1) was dominated by the independent variable EN with 
significant contribution from TUPRE and no significant contribution from both ADD 
and TUIN. All dependent variables (TU outflow concentrations at all times) were 
closely clustered around PC1, indicating significant impact from both EN and TUPRE 
on TUOUT throughout the event. Negative scores of EN and TUPRE indicated that the 
impact was inversely proportional, that is, an increase in EN and TUPRE resulted in a 
decrease in TUOUT.  
The second principal component (PC2) on the other hand, was dominated by ADD 
and TUIN, while no significant contribution from EN and TUPRE. Having no dependent 
variables clustered in the proximity of PC2 indicated no significant impact of ADD and 
TUIN on TUOUT at any time during the event.  
 
Figure 6.18: Both independent and dependent variables on first two Principal Components (PC1 and PC2) 
Table 6.12 shows correlation coefficients and significance between independent (EN, 
ADD, TUPRE and TUIN) and dependent variables (min2 – min150). A strong negative 
correlation with high significance was observed between EN and TUOUT at all times, 
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while weaker negative correlation was observed between TUPRE and TUOUT. Very 
non-significant correlations indicated no significance in the impact of ADD and TUIN 
on TUOUT that further affirmed conclusions from PCA analysis. While PCA and 
correlation analysis on the data revealed no impact of ADD on TUOUT, variance 
observed in initial TUOUT suggested that there may be some impact of ADD on 
TUOUT. As discussed in Chapter 5 on stabilisation of columns, it was concluded that 
the impact of EN on stabilisation of filter with regards to TU was highly significant 
that over shadowed any impact from other variables including ADD. It was also 
discussed there, that the impact of EN was significantly reduced in the first ten 
events.  
Table 6.12: Correlation and significance of correlation between the dependant and independent variables 
  EN ADD TUPRE TUIN 
Correlation 
 
min2 -.635 .144 -.391 -.010 
min7 -.711 -.040 -.430 -.189 
min12 -.756 -.070 -.442 -.188 
min20 -.718 -.048 -.495 -.197 
min30 -.745 -.066 -.493 -.197 
 min60 -.736 -.129 -.485 -.160 
 min90 -.743 -.186 -.440 -.324 
 min120 -.779 -.226 -.409 -.318 
 min150 -.772 -.232 -.421 -.303 
Significance 
(2-tailed) 
min2 .000 .178 .005 .474 
min7 .000 .400 .002 .113 
min12 .000 .328 .001 .113 
min20 .000 .380 .000 .103 
 min30 .000 .336 .000 .153 
  min60 .000 .204 .000 .082 
  min90 .000 .117 .002 .017 
  min120 .000 .073 .003 .019 
  min150 .000 .068 .002 .024 
 
Based on the argument developed earlier ( Chapter 5) on stabilisation and impact of 
EN on TUOUT, the events were divided into two groups, first group included events 
with EN less than 10 while the second included events with EN greater than or equal 
to 10. Table 6.13 and Table 6.14 show correlations and their significance between 
min2 – min30 (during stabilisation) and ADD and EN, for the two groups explained 
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above. A very significant difference was observed between two groups of events in 
the impact of ADD and EN. Very strong and significant impact of EN was evident for 
young filters (events with EN less than 10 - Table 6.14 and a significant correlation 
between ADD and TUOUT at any time (during stabilisation). In contrast, for older 
filters (events with EN greater than or equal to 10 - Table 6.13), the impact of ADD 
becomes more pronounced while the impact of EN was not significant. It was 
concluded therefore, that the impact of ADD was dwarfed by the strong impact of EN 
on TUOUT in young filters, while the effect of EN subsided with aging of filter, the 
impact of ADD became more pronounced.  
Table 6.13: Correlations and significance between min2 - min30 and EN and ADD for events with EN greater 
than or equal to 10 
  EN ADD  EN ADD 
Correlation 
 
min2 .065 .784 min60 -.349 .439 
min7 -.020 .619 min90 -.452 .217 
min12 -.126 .583 min120 -.448 .176 
min20 -.290 .518 min150 -.427 .226 
min30 -.325 .483    
Significance 
(2-tailed) 
min2 .774 .000 min60 .111 .041 
min7 .929 .002 min90 .035 .332 
min12 .578 .003 min120 .036 .434 
min20 .191 .014 min150 .048 .313 
 min30 .139 .023    
 
Table 6.14: Correlations and significance between min2 - min30 and EN and ADD for events with EN less than  
10 
  EN ADD  EN ADD 
Correlation 
 
min2 -.736 .101 min60 -.675 -.093 
min7 -.790 -.015 min90 -.673 -.148 
min12 -.743 -.032 min120 -.688 -.205 
min20 -.656 -.010 min150 -.695 -.213 
min30 -.659 .002    
Significance 
(2-tailed) 
min2 .000 .590 min60 .000 .619 
min7 .000 .937 min90 .000 .427 
min12 .000 .862 min120 .000 .269 
min20 .000 .957 min150 .000 .249 
 min30 .000 .992    
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6.5.4 Turbidity removal  
The analyses show that turbidity declined significantly during the wet-phase of an 
event, while a flush of solids also occurred in the initial outflow (during phase I 
stabilisation). Different independent variables were dominant in affecting the flush 
of solids during different phases of the event, and in particular were associated with 
aging of the filter. Primarily, the age of filter was the dominant parameter affecting 
the flush of material, that over shadowed the impacts of ADD.  ADD in contrast, had 
more effect, once the filter had settled with respect to aging of the same that 
corresponds to phase II stabilisation (discussed in Chapter 5).  
 
Figure 6.19: Concentration of TU at min2, min7, min12, min20 and min30 with ADD, for events with EN 
greater than 10 
Figure 6.19 describes variations of TU at 2, 7, 12, 20 and 30 minutes with ADD, for 
events with EN greater than or equal to 10. Considering standard functions for 
correlational analysis (linear, polynomial, exponential, power or logarithmic 
functions), the best fit for the data between TUOUT (min2 – min30) and ADD was 
provided by a linear function, as shown by the trend lines for each case. There was a 
significant positive correlation between min2 and ADD indicated by the R2 value, with 
a high gradient trend line (3.24). While significance of correlation (R2) between 
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TUOUT (min7 – min30) and ADD dropped significantly, the gradient of the trend line 
also decreased indicated by trend lines approaching horizontal profile. This suggested 
that TU is almost a constant with varying ADD.  
The complete contrasting situation was observed for the same analysis on events 
with EN less than 10, as shown in Figure 6.20. No significant correlation was observed 
between ADD and TUOUT (min2 – min30), indicating either no impact of ADD, or that 
it had been over shadowed by more dominant impacts form EN. Observations in 
these figures further add support to conclusions derived from the statistical analyses.  
 
Figure 6.20: Concentration of TU at min2, min7, min12, min20 and min30 with ADD, for events with EN less 
than 10 
In a similar exercise to that reported for TUOUT and ADD as discussed above, we 
examined effects of TUOUT against EN, the results of which are presented in Figure 
6.21 and Figure 6.22. Figure 6.21 shows variation of TUOUT with EN, for events with 
EN less than 10 (when the filter was young). This correlation (between TUOUT and 
EN) showed a decreasing rate function that was best explained by a power function 
as shown by the trend lines in the figure. It is apparent from the data and the trend 
lines that TUOUT tends to approach an asymptote for all cases (min2 – min30) as the 
filter aged. Significant correlation indicated by the R2 was observed in all cases with 
y = 0.8251x + 193.87
R² = 0.0101
y = -0.1351x + 197.42
R² = 0.0002
y = -0.1794x + 132.08
R² = 0.0011
y = -0.0193x + 63.797
R² = 0.0001
y = 0.0024x + 41.796
R² = 4E-06
0
100
200
300
400
500
600
700
800
0 20 40 60
Tu
rb
id
it
y 
(N
TU
)
ADD (day)
min2
min7
min12
min20
min30
Linear (min2)
Linear (min7)
Linear (min12)
Linear (min20)
Linear (min30)
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  218 
high correlational significance for min2 – min12. The multiplication component and 
the power component of x (EN) were significantly higher for the min2 – min12, while 
it was almost a constant for profiles between min20 and min30. This observation was 
reflected in the trend lines that were in close proximity to each other. Furthermore, 
the trend lines for both min20 and min30 were almost horizontal, with only a small 
increment at the beginning that corresponded to EN 1 – 3 and thereafter EN had 
negligible effect.  
 
Figure 6.21: Concentration of TU at min2, min7, min12, min20 and min30 with EN, for events with EN less 
than 10 
Figure 6.22 shows variation in TUOUT with EN, for events with EN greater than 10. As 
TUOUT (min2 – min30) approached an asymptote towards then end of the tenth 
event, a linear correlation was identified as the best fit to the data after ten events. 
No significant correlation was apparent however, in the data. Variation in 
concentration as the filter matured (phase II stabilisation) was predominantly 
affected by ADD. Phase II stabilisation was also evident from in this supporting 
conclusions made earlier in Chapter 5.  
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Figure 6.22: Concentration of TU at min2, min7, min12, min20 and min30 with EN, for events with EN greater 
than 10 
Prior to an analysis the impact of suspended solids retained in the previous events on 
phase I stabilisation of current events, it is important to analyse solids retention and 
mechanisms of retention. It has already been observed in Figure 6.16 and Figure 6.17 
that there was a significantly high removal of turbidity that occurred after phase I 
stabilisation. This indicated removal of solids in the outflow. In order to understand 
the impact of independent variables on removal of solids in biofilter, a correlation 
analysis was conducted, the results of which are presented in Table 6.15.  
Table 6.15: Correlation and significance of correlation between the dependant and independent variables 
considering all events excluding events with tapwater feed 
  EN ADD TUPRE TUIN 
Correlations  
min60 .554 .079 .332 .538 
min90 .506 .105 .307 .533 
min120 .481 .110 .271 .531 
min150 .563 .136 .306 .541 
 
 
Significance 
 min60 .000 .306 .015 .000 
 min90 .000 .251 .023 .000 
 min120 .001 .242 .039 .000 
 min150 .000 .193 .023 .000 
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No significant correlations were observed between TU removal (during 60 – 150 
minutes) with ADD or TUPRE. A significant correlation with a positive impact was 
observed however, between TU removal efficiency and EN. It has already been 
mentioned earlier that EN had a significant impact on TUOUT (phase II stabilisation) 
in very young filters (for events with EN less than 10). Events with EN greater than 
ten were therefore, selected and a similar correlational analysis was conducted the 
results of which are given in Table 6.16.  
Table 6.16: Correlation and significance of correlation between the dependant and independent variables 
considering events with EN greater than 10 and excluding events with tapwater feed 
  EN ADD TUPRE TUIN 
Correlations  
min60 .219 .072 .067 .502 
min90 .252 .075 .088 .477 
min120 .253 .067 .078 .457 
min150 .231 .080 .048 .485 
 
 
Significance 
 min60 .170 .378 .387 .010 
 min90 .135 .374 .352 .014 
 min120 .134 .387 .369 .019 
 min150 .156 .365 .418 .013 
 
Table 6.16 indicates a significant change in the correlation between EN and min60 – 
min150, where there was no significant correlation observed for events with EN 
greater than 10. Phase II stabilisation therefore affects turbidity even beyond the 30 
minutes long phase I stabilisation until it ceased to affect beyond approximately 10 
events. Correlations between TUIN and min60 – min150 however, were still 
significant for events with EN greater than 10. A paired sample t-Test was employed 
on TU concentrations from min60 – min150 on two sample matrices grouped based 
on TUIN. Events with EN greater than 10 were selected and events that had TUIN less 
than 50 NTU were grouped in the first group while events with TUIN greater than 100 
NTU were grouped in the second group. The mean of TU concentrations at min60 
from group 1 were compared with the mean of min60 of group 2 with a paired sample 
t-Test to see if they were significant different. In similar way, min90, min120 and 
min150 of both the groups were analysed. Results indicated that there was no 
significant difference between group 1 and group 2 when the means of min60 – 
min150 were considered. It was therefore evident that irrespective of TUIN, 
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stormwater biofilters retain most of the suspended solids, only leaving a constant 
level of solids that ends up in the outflow with constant TUOUT.  
As discussed earlier (Chapter 2), primary mechanisms that remove solids from 
percolating stormwater in biofilters was straining in cake filtration, with significant 
amounts of depth filtration occurring. Filtration in a porous medium depends on 
several factors related to characteristics of the filter including hydraulic conductivity 
of the medium, particle concentration in the inflow, particle size distribution of the 
medium, pore-size distribution, geometry and surface-roughness of the grains and 
charged sites on the filter material (Lee and Koplil, 2001; Moghadasi et al., 2004; 
Reddi et al., 2005; Shellenberger and Logan, 2002; Tong and Johnson, 2006). In 
addition, retention of solids also depends on other processes including 
hydrodynamics, physicochemical interactions and physical straining (Ahfir et al., 
2007; Bradford et al., 2003; Bradford et al., 2002; Khilar and Fogler, 1984; Sen and 
Khilar, 2006; Veerapaneni and Wiesner, 1997; Xu and Saiers, 2009).  
Most of the solids in the feed of filters systems under saturated conditions were 
observed to be removed from straining, most importantly those in the top layer of 
the filter. This is known commonly as cake-filtration (Kim and Whittle, 2006; 
Laurenson et al., 2013; Li and Davis, 2008b; Siriwardene et al., 2007). For effective 
retention of solids by straining, the ratio between particle diameter (suspended 
solids) and medium particle diameter (filter medium) should be greater than 0.005 
(Bradford et al., 2003). Therefore, stormwater biofilters with typical D50 of 
approximately 0.3mm should be capable of removing particles larger than 1.5 
microns in diameter, which is in the range of clays. The current study had kaolinite 
and montmorillonite clay in the inflow that have approximately 1 – 40 microns of 
particle sizes, which would therefore potentially be retained in the filter due to 
straining. Higher removal of solids observed in this study could be therefore 
attributed to cake-filtration (straining) on the top layer of the filter. Continuously 
operated biofilters have observed formation of cake on the top layer of the filter, that 
continued to grow until the system failed due to clogging (Li and Davis, 2008b). 
Distinctively different colour of kaolinite and montmorillonite (white) to the colour 
of the filter medium (brown) made observation of the formation of a thin cake on the 
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top layer of the filter clear in this study, as shown in Figure 6.23 and Figure 6.24. 
Figure 6.23 shows the top layer of the filter after 4 events fed with simulated 
stormwater with strength of 100 mg/L solids. A very thin layer of deposited clay 
(kaolinite and montmorillonite) was observed on the top of the filter, with no 
significant colour difference in the filter with depth. As the experiments continued, 
the thickness of this layer of clay on top of the filter did not vary, where other studies 
on continuously wet system observed the contrary (Li and Davis, 2008b; Siriwardene 
et al., 2007). One of the reasons for this observation could be due to the fact that the 
events in this study were comparatively shorter in duration.  
 
Figure 6.23: Side view (a) and plan view (b) of the top layer of the filter after 4 events with simulated 
stormwater feed 
A significant difference in the colour of the filter layer, more specifically of the top 
layer of the filter however, became more apparent with time, as shown in Figure 6.24. 
Colour of the top layer of the filter, gradually started to turn into a greyer shade, 
indicating increased presence of clay material due to retention from percolating 
stormwater. This change affected a length of the column of approximately 10 – 15 
cm of the top layers of the filter. This indicated apparent retention of clay from the 
feed occurring to a depth of approximately 10 – 15 cm of the filter. A similar study 
that used kaolinite, was conducted on a filter with a length of 400 mm, made similar 
observations (Alem et al., 2013). They also observed significant amount of solids 
being retained in deeper areas of their filter layer, increasing with increasing flow 
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rates through the system. They also reported that for a flow rate comparable with 
the flow rate in this study, significant amounts of solids were retained to a depth of 
approximately 10 cm after a feed of approximately 83 pore volumes. The other 
important factor that determined the depth to which solids were retained due to 
straining was the amount of feed (number of pore volumes), where the depth of 
retention increased with increasing pore volumes of feed. Current study has 
employed approximately 4 – 5 pore volumes of feed in each event, with a total of 
approximately 60 – 90 pore volumes of feed over the whole experimental schedule. 
The depth to which straining occurred here was comparable with or more than the 
depth observed by Alem et al. (2013), although that experiment had much higher 
concentration of solids in the feed (1000 mg/L) and was operated continuously for 90 
pore volumes of feed. Another important difference between these two studies was 
the intermittent wetting and drying mode of operation employed in the current 
study, which potentially would have caused the differences in observations. 
Significant amounts of solids were lost in the flush during phase I stabilisation in the 
study, as discussed earlier. It is important to analyse the characteristics of this flush 
to understand the impact of intermittent wetting and drying on the dynamics of fines 
(clay) retention in the filter.  
 
Figure 6.24: Filter layer (a and b) after 12 events with simulated stormwater feed 
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As it was evident that flush of solids caused increased turbidity in the initial outflow, 
it was important to identify if this flush is due solely to material wash off from the 
filter itself. TUOUT in events that were fed with simulated stormwater was compared 
with outflow TU from events that were fed with tapwater alone (that had no inflow 
TU). Figure 6.25 shows 6 events using both simulated stormwater (shown in dashed-
lines) and tapwater (shown in solid-lines) that had similar ADD’s and EN’s where IN 
represented inflow TU concentrations (TUIN).   
 
Figure 6.25: Variation of concentration of TU with time, for events with tapwater alone as the feed (IN 00) 
and simulated stormwater, for events with same EN and approximately similar ADD 
It is evident from the figure that events fed with simulated stormwater had a higher 
flush compared with corresponding EN-number events that were fed with tapwater 
alone. There was a trend however, that showed a decrease in the flush with aging of 
the filter. This was earlier discussed in detail. Significantly higher flush in biofilter 
columns fed with simulated stormwater indicated that the solids removed during the 
wet-phase of the preceding events in fact did get washed-off in the subsequent event 
during stabilisation, causing an increased flush of solids. Total removal of solids 
therefore, should consider the possible flush of captured solids from the previous 
event in the outflow of the following events.  
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Figure 6.26: Particle Size Distribution (PSD) of Simulated Stormwater inflow (blue-circles) outflow of events fed 
with simulated stormwater (green-diamonds) and outflow of events fed with tapwater (red-squares), at 
different times (a) min2, (b) min7, (c) min12 and (d) min30.  
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Figure 6.26 shows particle size distribution (PSD) of simulated stormwater inflow and 
outflow of events using both simulated stormwater and tapwater feeds, at different 
times (min2, min7, min12 and min30). Initial outflow (min2) of both tapwater and 
simulated stormwater fed events were very similar to each other in PSD, while both 
being significantly different from the PSD of simulated stormwater inflow, indicated 
by D50 (was approximately 1.2 microns for outflow of all events and 4.5 microns for 
inflow). With time (through min7, min12 and min30) however, the PSD of outflow for 
events with simulated stormwater, gradually deviated from PSD of outflow from 
tapwater fed events, and approached comparable to the PSD of simulated 
stormwater inflow. As turbidity continued to decrease with time, as seen earlier, the 
PSD analysis was seen to vary even between repetitions probably due to insufficient 
presence of solids in the sample for instrument detection capability. The trend 
however is in line with the arguments developed earlier from statistical analysis, that 
the flush of filter material decreased with time in the first 30 minutes (phase I 
stabilisation) indicating lesser presence of filter particles in the outflow in min30 
compared to min2. Hence outflow PSD from events with simulated stormwater feed 
were more similar to outflow PSD from events with tapwater feed in the beginning 
of outflow, indicating dominant presence of filter particles in the outflow. Outflow 
PSD from simulated stormwater events then became more similar to PSD of 
simulated stormwater inflow indicating dominant predominance of inflow particles 
in the outflow by the end of phase I stabilisation.  
Due to possible flush of solids retained (clay from inflow) during phase I stabilisation, 
it is also important to identify how much of the solids retained had been flushed out 
of the filter in the subsequent events, since retained clay particles could not be 
removed from the system otherwise. A conservation of mass analysis was employed 
to quantify the total mass of solids (kaolinite and montmorillonite) retained, from 
computations of total mass of solids fed to the system and total mass of solids left 
the system in the outflow. In order to quantify the mass of solids, mass of Total 
Suspended Solids (TSS) was calibrated against Turbidity (TU) using standard solutions, 
as discussed in Chapter 3. Cumulative amount of mass retained were quantified for 
each experimental column, as EN increased. It was assumed that wash of filter 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  227 
material did not contribute to solids in the outflow, although significant amount of 
solids from the filter material was flushed at the beginning of each event. The 
cumulative mass of clay (inflow solids) retained computed in this analysis is 
potentially less than actual amount of clay retained from percolating stormwater, 
indicating higher removal efficiency of the system. 
 
Figure 6.27: Cumulative mass of solids (clay from inflow) retained in the filter with increasing EN for events 
with constant inflow concentrations of solids (approximately 100 mg/L) 
Figure 6.27 shows cumulative mass of solids (clay from inflow) retained in the filter 
layer with increasing EN, for events with constant inflow concentrations of solids 
(standard simulated stormwater with approximately 100 mg/L of solids). An 
increasing trend in cumulative mass of solids retained was observed as shown in 
Figure 6.27, for all three columns monitored, more importantly in a very similar way 
with similar amounts of solids getting retained in all the columns in each event. 
Another important observation from this analysis was that, the mass of solids 
retained in each event was constant for all events in all three columns, indicated by 
a higher R2 value (0.96) for a linear trend. Amidst flush of filter material contributing 
to outflow solids in this analysis, a very significant removal of solids was in fact 
observed. This cumulative removal analysis is highly subjective to the length of 
operation, as the impact of flush of solids in first 30 minutes would become more or 
less significant depending on the length of the event, as discussed in Chapter 5.  
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Figure 6.28: Cumulative mass of solids (clay from inflow) retained in the filter with increasing EN for all events 
on two different columns 
Figure 6.28 shows cumulative mass of solids (clay from inflow) retained in the filter 
with increasing EN for all events (standard and varied strength simulated stormwater) 
for two different columns. Strength of simulated stormwater varied after the tenth 
event for both the columns. Significant changes in the strength of the inflow were 
reflected with corresponding retention of solids. When low strength simulated 
stormwater was used as shown by (a), less retention of solids was observed while 
when very high strength inflow was applied as shown by (b), higher retention of solids 
were observed. Following events with higher strength inflow, the filter were capable 
of efficiently retaining solids for events with lower strength or higher strength as 
shown in (c).  Irrespective of the schedule of alternating strengths of inflow used on 
events on a particular column, the cumulative mass of solids retained were 
comparable for different columns, that depended only on the total mass of solids 
supplied, as shown for the two columns in this figure.  
6.5.5 Clogging of filter 
According to the discussion above, it was evident that significant amounts of solids 
were retained in the filter, during each event and across events as the filter aged. 
Observations in this study however, did not confirm any significant levels of 
occurrence of clogging, as the flow rates were almost uniform during and across all 
events on all the experiments on different columns. Compared to the study by Alem 
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et al. (2013) where they observed significant impact of clogging after 30 pore volumes 
of feed for a flow rate comparable to this study, significantly lower concentration of 
solids in this study would have been a reason for no apparent impact of clogging 
during the experimental schedule.  
It was argued in past studies that considering amount of solids retained alone to 
analyse clogging is not sufficient rather, the deposit morphology is more crucial in 
determining the impact of clogging on performance of the filter (Alem et al., 2013; 
Boller and Kavanaugh, 1995; Mays and Hunt, 2004; Veerapaneni and Wiesner, 1997).  
Clogging is mostly caused by the reduced permeability in the cake layer that is formed 
and grows with time on top of the filter layer that is removed periodically in water 
treatment sand filters. It has been discussed earlier in this chapter, that the layer on 
top of the filter that caused cake filtration in other studies did not grow with 
progressing EN, while retention of clay was apparent deeper in the filter, than in 
other studies as discussed earlier. Therefore, there must be another factor that 
influenced the process of clogging in the current study, that hindered formation of 
cake layer on top and thereby dispersing the otherwise clogging particles.  
Intermittent wetting and drying causes variations in flow rates through the filter, as 
it was discussed earlier in Chapter 4, where very high infiltration rates were observed 
at the progression of wetting front. Hydrodynamic forces are crucial in assisting and 
obstructing retention of particles in the filter where attachment and detachment of 
particles are more dynamic under varying hydraulic conditions in the filter. 
Detachment of retained solids is highly affected by the hydrodynamic forces including 
drag and shear on retained solids that assist detachment and Derjaguin-Landau-
Verwey-Overbees (DLVO) force that resists detachment (Alem et al., 2013; Johnson 
et al., 2007; Torkzaban et al., 2007). Intermittent wetting and drying therefore, 
caused re-entrainment of retained or settled clay both in the thin cake layer on top 
as well as those clay particles retained in the top layer of the filter, and redistributed 
them deeper in the filter layer. Re-entrainment of attached particles under varied 
hydraulic conditions, constantly change the morphology of the pore-space 
occupation by retained particles that in turn prohibited formation of clogging in the 
pore-space. This is the same process that destabilises the filter layer eventually 
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causing the flush in phase I stabilisation. In terms of clogging, intermittent wetting 
and drying favours enhanced functionality and life-span of bioretention filters by 
delaying the process of clogging. Since retention of solids in the filter does not 
transform retained particles, the particles continue to accumulate in the filter, 
eventually reducing pore-space. At some point of time, the filter will eventually clog, 
yet unlike water treatment sand filters, scraping the top layer would not resolve the 
issue of clogging in stormwater biofilters, rather a whole replacement of the filter 
would be required.   
 
6.5.6 Summary: Turbidity removal 
Presence of solids causing murkier outflow that is immediately noted and very 
unpleasant both health-wise and aesthetically. Removal of solids from stormwater 
runoff is therefore of prime importance. Removal of solids in stormwater biofilters 
have been often reported as average to excellent removal in the past studies, that 
were mostly operated in extended or continuous feed, and eventually considering 
the event mean concentration for performance analysis.  
Phase I stabilisation of filter that was discussed in detail in Chapter 4, continued to 
significantly affect solids removal in this exercise as well. A flush of particles with 
diameters less than 10 microns were observed during phase I stabilisation of first 30 
– 60 minutes of initial outflow. Phase II stabilisation as discussed in Chapter 5 was 
evident too, however it ceased to impact outflow quality in aged biofilters. Peaks 
during phase I stabilisation were predominantly influenced by ADD.  
Very high removal of fine suspended solids (as high as 95%) was observed in most of 
the events after phase I stabilisation. Biofilters were capable of removing fine 
suspended solids irrespective of inflow concentrations. This indicated that the filter 
captured more particles when inflow concentrations were higher where a constant 
concentration of solids (turbidity) resulted in outflow after phase I stabilisation, for 
all events.  
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Potential redistribution of solids retained due to straining in the top of the filter layer 
proscribed growth of the cake. A very thin layer of cake indicated presence of cake 
filtration. Due to this, clogging was not observed in any event during the experimental 
study. Capability of biofilter to get acclimatized to various inflow dynamics in turbidity 
concentrations in consecutive events indicated redistribution of captured solids. 
Penetration of capture profile of inflowing clay particles deeper into the filter layer 
with aging further confirmed that particles were dislocated from the cake on the top 
of the filter and redistributed to deeper layer of the filter.  
In addition, a comparison between outflow turbidity of events with tapwater feed 
and events with simulated stormwater feed showed increased levels of flush 
occurring during phase I stabilisation in vents with simulated stormwater feed. This 
indicated that the retained inflowing clay particles were getting flushed in 
subsequent events. An analysis on  total mass of solids captured in each event 
indicated that a very significant mass of inflowing solids were retained in each event, 
amidst a fraction of that getting flushed in phase I stabilisation. All biofilter columns 
showed a consistent and unabated retention of inflowing solids until the end of 
experiments.  
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6.6 Total Organic Carbon 
Figure 6.29 shows variation in total organic carbon (TOC) concentrations (a) and 
removal (b) in outflow with time and across events with different EN and ADD. Similar 
to observations made on other pollutants discussed earlier, a phase of stabilisation 
(phase I) was observed for TOC that lasted for approximately the same time as for 
others (30 minutes). The flush of TOC observed however was many times to that of 
in the inflow reaching more than 200 mg/L in some events. After phase I stabilisation 
of biofilter, TOC concentrations in outflow settled to concentrations comparable to 
inflow concentrations. Barely any removal was observed anytime during the events 
observed, often observation were flush continuing beyond phase I stabilisation. 
 
 
Figure 6.29: Variation of (a) TOC concentration (b) TOC removal, in the outflow with time, EN and ADD 
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Figure 6.30 shows (a) concentration of TOC and (b) removal in outflow with time, 
across events with varying ADD, EN and inflow concentrations.  
 
 
Figure 6.30: Variation of TOC (a) concentration and (b) removal in outflow with time, and different inflow 
concentrations of current event (TOCIN) and inflow concentrations of the previous event (TOCPRE) 
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significantly higher flush of TOC. Flush of organic carbons was still evident in outflow 
indicated by negative removal, even after phase I stabilisation. Flush of organic 
carbon during and beyond phase I stabilisation was therefore a significant concern in 
consideration of quality of outflow. Inflow concentrations of TOC analysed in this 
experiments were very low compared to the fluctuations observed in outflow due to 
flush of organic carbon from the filter. This led to very high percentages of negative 
removal. However, the peak concentrations being more dependent on ADD than 
inflow concentrations, it suggested that usage of higher inflow concentrations would 
significantly lower negative removal percentages, as peaks would not rise. Due to the 
nature of multidimensional data matrix, statistical tools are required to further 
analyse the impacts of independent variables on outflow quality.  
KMO and Bartlett’s test was carried initially as it was done before, and a coefficient 
of 0.79 was obtained that indicated a successful PCA analysis. Figure 6.31 shows the 
plot of variables on the first two principal components obtained from PCA analysis. 
Percentages of variance explained by each principal component (PC1 and PC2) are 
shown on the axes. While first principal component explains 40% of the variance in 
data, the second component explains comparable percentage (32%) indicating 
significant of both principal components. From the figure it was evident that PC1 is 
dominated by TOCIN (independent variable) while TOCOUT after stabilisation (min60 
– min150) were closely clustered around TOCIN. In contrast, PC2 was dominated by 
TOCPRE where no significant clusters were observed. ADD made significant 
contributions to both PC1 and PC2 although not as significant as TOCIN and TOCPRE 
respectively, yet, initial TOCOUT (min2 – min30) are clustered in close proximity to 
ADD. It is apparent therefore, that TOCIN had an impact on TOCOUT after phase I 
stabilisation, while ADD had significant impact on flush of TOC in the initial outflow 
during phase I stabilisation.  
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Figure 6.31: Plot of variables on first to principal components from PCA analysis 
 
Table 6.17: Correlation and significance of correlation between the dependant and independent variables 
  EN ADD TUPRE TUIN 
Correlation 
 
min2 .418 .586 .305 .356 
min7 .377 .503 .213 .436 
min12 .350 .420 .071 .485 
min20 .449 .553 .178 .505 
min30 .295 .525 .154 .484 
 min60 .338 .390 .120 .577 
 min90 .276 .400 .132 .679 
 min120 .210 .310 .026 .684 
 min150 .135 .248 -.022 .703 
Significance 
(2-tailed) 
min2 .002 .000 .022 .009 
min7 .006 .000 .105 .002 
min12 .010 .002 .323 .000 
min20 .001 .000 .124 .000 
 min30 .026 .000 .159 .000 
  min60 .012 .004 .219 .000 
  min90 .035 .004 .196 .000 
  min120 .086 .020 .434 .000 
  min150 .192 .052 .444 .000 
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Table 6.17 shows correlations coefficients and significance of correlation between 
independent and dependent variables. Significant correlation was observed between 
initial outflow (min2 – in30) and ADD with a confidence level of more than 99%, while 
a significantly strong correlation was observed between TOCIN and TOCOUT after 
phase I stabilisation. No significant correlations were observed between TOCPRE and 
TOCOUT anytime, while some lesser significant and weaker correlation was observed 
between EN and min2 and min20. Correlation analysis showed the trends observed 
from PCA analysis that confirms the trends of impact of independent variables on 
dependent variables discussed earlier.  
Although TOCIN is correlated to TOCOUT after phase I stabilisation, Figure 6.29 and 
Figure 6.30 showed mostly negative removal occurring even beyond phase I 
stabilisation. This indicated occurrence of flush of organic carbon from filter itself. 
The flush of organic carbon being many times the corresponding TOCIN, the impact 
of TOCIN on TOCOUT could not be concluded from this study and that is beyond the 
scope of this study. Dynamics of flush of organic carbon and potential contribution of 
the dynamics of transformation of organic matter to labile (dissolved) organic carbon 
was discussed in detail in chapter 5 under stabilisation of biofilter columns.   
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CHAPTER 7   
CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE 
STUDIES 
 
7.1 Conclusions 
The primary conclusion derived from this study was that the unique property of 
intermittent wetting and drying of stormwater biofilters affects nitrogen and 
suspended solids removal processes. Intermittent wetting and drying of stormwater 
biofilters delineate an event in the system be considered to have two phases:  
1. Wet-phase – the phase of an event when the system receives stormwater 
runoff and percolation of water through the system is active; 
2. Dry-phase – the phase of the system that follows complete draining at the 
end of a rainfall event, until the subsequent rainfall event. 
Large amount of water is retained in biofilter systems at the end of an event (average 
degree of saturation along the filter depth was approximately 55%, that accounts for 
approximately 1.45 L of water in 2.63 L of total voids ). After a dormant period of 40 
days, the top layers of the biofilter lost higher amounts of water due to evaporation 
and dropped from 40% to 10% in degree of saturation. In contrast, the bottom layers 
of biofilters dropped only from 60% to 40% in 40 days of dormancy, which 
corresponded to an average of 31% of degree of saturation along the complete depth 
of filter layer (this corresponds to 825 mL of water in 2.63 L of total void).  
A mathematical model was developed to predict the variation in soil moisture 
coefficient (W) at different depths in the filter after different number of dry days as 
below,  
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𝑾𝑫,𝑨𝑫𝑫 =  𝑊𝑟 +
𝑊𝑠 − 𝑊𝑟
4 × [𝑐𝑨𝑫𝑫 + (𝑑 × 𝑫)𝑛](1−
1
𝑛)
 
A computational analysis of total volume of water retained in the filter layer (0.8 m) 
under varying ADD and depth indicated that the drying of the filter gradually ceases 
to dry further after approximately 40 days. This corresponded to approximately 820 
mL of water in the filter layer.  
Four consecutive designed events were identified necessary to preliminarily stabilise 
the biofilter columns after installation, prior to experiments, due to very high wash 
off of solids from the filter material itself. Approximately 75 g of solids were lost from 
the filter material in the first event, while 10 – 15 g of solids were lost in the next 
three events. Solids that were washed off during preliminary stabilisation were of 
particle sizes less than 10 microns that indicated a significant wash off of clay content 
of filter material. Analysis of total mass of clay removed from filter showed that 
almost 10 - 20% of the total clay content of filter material was lost during preliminary 
stabilisation that spanned over five events.  
Biofilter columns continued to stabilise beyond preliminary stabilisation, but wash off 
of filter material was not as high as in the preliminary stabilisation. Yet, a phase of 
stabilisation affected the pollutant removal performance of stormwater biofilters at 
the beginning of each event. Intermittent wetting and drying contrived two phases 
of stabilisation in stormwater biofilters. The first phase (phase I stabilisation) of 
stabilisation occurred over the first 30 minutes of the wet-phase of each event. A 
flush of organic carbon and suspended solids were observed during this phase of 
stabilisation, the peak concentrations ranging widely and largely affected by 
antecedent dry days (ADD) and Event Number (EN). High concentrations of total 
organic carbon (20 – 200 mg/L) and suspended solids (25 – 1200 NTU) resulted from 
organic matter and filter material, respectively. The impact of EN (age of filter) on 
peak concentrations corresponded to the second phase of stabilisation (phase II 
stabilisation) of stormwater biofilters. Although phase II stabilisation gradually 
decreased with regard to suspended solids wash off, it was almost consistent 
throughout the experiments with regard to flush of organic carbon (until 20 events). 
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Almost all organic carbon in outflow was in dissolved form, which indicated that the 
organic matter becomes labile organic carbon during the dry-phase of the event 
before getting washed off in the subsequent wet-phase. Therefore microbiological 
processes that transform the complex structured organic matter into labile organic 
carbon are very active during the dry-phase of an event. Particles that were washed 
off from the filter layer were all less than 40 microns in diameter with more than 50% 
of them less than 2 microns in diameter. This corresponded to a loss of approximately 
25% of fines (particles with a diameter less than 2 microns) from the filter material.  
The wet-phase of an event made very limited contribution to nitrate-nitrogen 
removal in stormwater biofilters (0 – 15% reduction), while a significant contribution 
was observed for ammonium and total nitrogen removal (30 – 100% and 30 – 60% 
respectively). In contrast, the dry-phase of events contributed to efficient removal of 
nitrate-nitrogen, ammonium nitrogen and total nitrogen in stormwater biofilters. 
Furthermore, removal processes that remove nitrate-nitrogen in dry-phase of events 
had a saturation point. When concentrations of nitrate-nitrogen in retained water 
were less than this saturation point, the processes completely removed nitrate-
nitrogen while they only removed the concentrations at saturation level when 
concentration in retained water was greater than the saturation level. This 
corresponded to fractional removal of nitrate-nitrogen. Ammonium-nitrogen 
removal processes on the other hand, efficiently removed all ammonium nitrogen in 
retained water up to approximately 5.0 mg/L.  
After phase I stabilisation, stormwater biofilters removed all but a constant 
concentration of suspended solids irrespective of inflow concentrations up to 500 
mg/L (inflow concentration). The constant concentration of solids that escaped 
stormwater biofilters were approximately 10 mg/L, which corresponded to a range 
of removal efficiencies from 60% (for 25 mg/L inflow) to 98% (500 mg/L inflow). 
Amidst flush of solids during phase I stabilisation of filters at the beginning of each 
event, stormwater biofilters continued to retain and accumulate inflowing solids over 
consecutive events. Cake filtration due to a straining mechanism contributed to 
removal of solids in the wet-phase of each event. However, as opposed to build up 
of cake that led to eventual clogging in continuously fed filter systems, solid particles 
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originally retained in the cake in stormwater biofilters (during the wet-phase of 
events) were redistributed to deeper layers of the biofilter at the beginning of each 
event during phase I stabilisation. This phenomena of redistribution of particles 
facilitated removal of solids in stormwater biofilters without being affected by 
clogging, and extending their life span.  
It was therefore very evident from this study that intermittent wetting and drying 
plays a very crucial role in pollutant removal performance of stormwater biofilters. 
The study has provided the insights into the dynamics of pollutant removal 
performance under intermittent wetting and drying, where analysis on event mean 
concentrations showed a static pollutant removal trend that failed to identify the 
dynamics and contribution of dry-phase processes. A further important suggestion is 
that enhancement of performance prediction models will need to include redefining 
the kinetics of pollutant removal processes by incorporating dry-phase pollutant 
removal mechanisms and processes.  
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7.2 Recommendations 
An important recommendation for future studies and development of design and 
modelling tools is to incorporate intermittent wetting and drying rather than simply 
focussing on continuously fed systems. The dynamics of pollutant removal effected 
by intermittent wetting and drying thereby requires studies incorporating time-
dependent dynamic analysis of pollutant concentrations as a way forward from event 
mean dependent analyses.  
  
7.2.1Recommendations for focus trends on performance 
analysis 
The study recommends a shift of focus on pollutant removal processes during the 
performance analysis of stormwater biofilters. Figure 7.1 shows a schematic 
representation of four consecutive rainfall events on a stormwater biofilter, where X 
and Y are concentration of a particular pollutant in the inflow and outflow of the 
biofilter, respectively. Currently, models and studies that analyse pollutant removal 
performance that are effected by microorganisms are based on inflow and outflow 
concentration of a particular pollutant in the current event as shown in Equation 7.1 
and Equation 7.2.  
 
Figure 7.1: Schematic diagram of four consecutive events on a stormwater biofilter 
X1 
Y1 
EN1 
X2 
Y2 
EN2 
X3 
Y3 
EN3 
X4 
Y4 
EN4 
 Dynamics of pollutant removal under intermittent wetting and drying 
 
 
Daniel N Subramaniam  242 
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
𝑋1 − 𝑌1
𝑋1
× 100 
Equation 7.1 
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
𝑋3 − 𝑌3
𝑋3
× 100 
Equation 7.2 
However, results of the current study suggest that the dry-phase is more crucial for 
pollutant removal processes that are microorganism dependent. Aforementioned 
performance analysis potentially trivialise the pollutant removal processes that 
remove pollutants during the dry-phase. Therefore removal performance analysis of 
the system should also incorporate the fraction of pollutants removed during the dry-
phase as shown in Equation 7.3 and Equation 7.4 where each fraction is time-
dependent that makes the performance more dynamic.  
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = 𝑓 {[
𝑋1−𝑌2
𝑋1
× 100] , [
𝑋2−𝑌2
𝑋2
× 100] , 𝑌1, 𝑡}  
Equation 7.3 
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = 𝑓 {[
𝑋3−𝑌4
𝑋3
× 100] , [
𝑋4−𝑌4
𝑋4
× 100] , ∑
𝑋𝑖−𝑌𝑖
𝑋𝑖
× 100, 𝑡3𝑖=1 } 
Equation 7.4 
Kinetics of pollutant removal processes also need to be analysed separately for wet- 
and dry-phases of an event, where wet-phase of an event represents dynamic 
conditions with regard to hydraulic processes (infiltration) while dry-phase 
represents a comparatively static system (kinetics in retained water).  
The current study recommends a focus on redistribution of captured particles in the 
cake (from cake filtration straining mechanism) in deeper layers of stormwater 
biofilters at the beginning of each event. Models are also recommended to 
incorporate in-depth filtration mechanisms to better predict removal of solids in 
stormwater biofilters. This needs to be also considered in predicting the performance 
of stormwater biofilters with its aging process. 
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7.2.2Recommendations for process kinetics studies 
As mentioned earlier, research studies on stormwater biofilters are suggested to be 
carried out under intermittent wetting and drying conditions, focussing on the 
dynamics of pollutant removal. Research studies should focus on the behaviour of 
stormwater biofilters at different phases of events, particularly, the wet- and dry-
phases. Pollutant removal processes need to be considered exclusively during each 
phase, while also analysing the impact of activities in one phase with those on the 
other.  
Behaviour of microorganisms under different intermittent wetting and drying 
regimes also need to be considered in future studies. The kinetics of the growth, 
metabolism and starvation of population of microorganisms, susceptibility of species 
of microorganisms to different substrate levels and environmental conditions and in 
particular in relation to soil moisture variation are also suggested to be considered in 
future studies. Understanding the dynamics of pollutant removal associated with the 
kinetics of microorganism populations will be crucial to improving the performance 
of existing prediction tools.  
Another important suggestion for future research is to design studies that investigate 
the dynamics of organic matter added to stormwater biofilters, more specifically 
under intermittent wetting and drying. Studies focussed on the transformation 
process of organic matter (complex organic carbon structures) into labile organic 
carbon forms will assist reducing the flush of organic carbon in stormwater biofilters.  
In addition to cake filtration straining mechanism that remove solids and eventual 
clogging that are currently a major research focus, in-depth filtration mechanisms 
must also be given prominence in future studies. Re-entrainment of captured and 
settled particles and distribution of particles should also be considered more 
particularly in studies relating to life-span and enhancement of stormwater biofilter 
systems. Research studies are also suggested to analyse the solids containment 
mechanisms in stormwater biofilters under intermittent wetting and drying, which is 
crucial to the longevity of systems in field-scale operations.  
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The current study was designed to investigate rainfall events of a constant intensity 
and duration. Owing to the significance and sensitivity of pollutant removal in 
stormwater biofilters to variation in soil moisture levels as was observed in this study, 
future research studies are also suggested to analyse performance of this system 
under simulated rainfall events varying in intensity and duration. Soil moisture being 
identified as a crucial factor that affects pollutant removal processes, even the very 
small rainfall events that can barely wet stormwater biofilter systems are suggested 
to be analysed. These events including that do not generate stormwater runoff may 
still crucially alter the soil moisture levels in stormwater biofilters that in turn can 
affect the dynamics of pollutant removal processes. The length of dormant periods 
(antecedent dry days) can also potentially have significant effects on soil moisture 
levels that will require more research studies. This study identified significant impact 
of very short ADDs (even zero ADD) rather than ADDs that were longer than one week 
(7 days) on several processes including hydraulic processes (effects seen on saturated 
hydraulic conductivity of biofilter columns) and pollutant removal processes. It is 
therefore, suggested that the studies need to focus more on shorter dormant periods 
in analysing the dynamics of pollutant removal processes under intermittent wetting 
and drying.     
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